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ABSTRACT 
Ammonia  (NH3)  in  air  is  of  major  health  and  environmental  concern,  i.e. 
contribution to the greenhouse effect when NH3 is converted to nitrous oxide 
(N2O)  in  the  atmosphere.  Another  important  concern  for  ammonia  in  the 
atmosphere, is the possible conversion to secondary fine particulate matter in 
the presence of SOx or NOx. The main sources of NH3 in air are waste and food 
processing industries as well as animal livestock production. The increase in 
environmental  litigation,  coupled  with  rising  environmental  awareness  and  a 
focus  on  quality  of  life,  has  resulted  in  an  increase  in  the  investigation  and 
implementation of new technologies for the treatment of ammonia. In addition, 
existing methods are cost intensive, unreliable or complex and difficult to control. 
In  this  research,  a  novel  biochemical  ammonia  removing  process  has  been 
developed  and  operated for 300  days.  This  process  involves  a  sequence of 
biological, physical and chemical processes initiated by the dissolution of the 
introduced ammonia into the water of the filter system to make the ammonium 
available for biological degradation (nitrification). A spontaneous reaction of the 
intermediate nitrification product, nitrite, and ammonium to nitrogen takes place 
as soon as both compounds are present. This reaction is known to be catalysed 
by zeolite (clinoptilolite).  
Water from the discharged moisture of the filter system was condensed on top 
of the reactor by employing a novel moisture control mechanism. The clean 
condensate  percolated  by  gravity  through  the  reactor  bed  and  forced  the      
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accumulated compounds to the bottom of the reactor. This led to a gradient 
distribution  of  compounds  across  the  reactor  depth  with  the  highest 
concentrations  at  the  bottom  (140 mM  ammonium,  1 M  nitrite  and  350 mM 
nitrate), favouring the chemical reaction of NH4
+ + NO2
-  N2 + 2 H2O. The low 
concentration (4 mM ammonium, 22 mM nitrite and 15 mM nitrate) at the top 
allowed  simultaneous  biological  nitrification.  The  developed  moisture  control 
also ensured sufficient moisture content for biological activity in the reactor bed 
without leachate production. 
Chemical reactions were supported and enhanced by the chosen filter medium 
clinoptilolite  due  to  its  unique  characteristics  such  as  (i)  ion  exchange 
capabilities,  (ii)  resistance  to  biodegradation  and  (iii)  affinity  to  catalyse 
chemical reactions. A variety of online gas analyses (NH3, N2O and NOx), as 
well as detailed reactor depth profiles (NH4
+, NO2
-, NO3
-, pH and other cations 
(Na,  K,  Ca  and  Mg))  gained  a  thorough  understanding  of  the  system. 
Conducted  DNA  analysis  indicated  the  presence  of  ammonia  and  nitrite 
oxidizing bacteria and was taken in combination with the accumulation of nitrite 
and nitrate, as proof that nitrification must have occurred.  
The novel technology developed in this research enables the conversion of high 
concentrations of ammonium to N2 in a single reactor under permanent aerobic 
conditions  contrasting  other  treatment  processes  available  today,  e.g. 
Anaerobic Ammonium Oxidation (ANAMMOX). 
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MS  Mass spectrometry 
nosZ  nitrate reductase 
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ps  saturation vapour pressure 
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SPME  solid phase microextraction Abbreviations 
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SND  simultaneous nitrification denitrification 
T  temperature 
TA Luft  German Technical Instructions for Clean Air 
TBRT  true empty bed residence time 
TCD  thermo conductivity detector 
TPD  temperature programmed desorption 
U  unit 
UV  ultraviolet 
VDC  volts direct current 
wc  water content 
X-ray  Roentgen radiation 
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µg  microgram 
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Absorbate  Compound or substrate dissolved in the absorbent. 
Absorbent  Is the agent in which the absorbate dissolves in.  
Absorption  Absorption is the accumulation and sorption of gas or liquid in 
liquid. In this case gas molecules accumulated into the liquid 
and are evenly distributed within the liquid. Absorption is also 
the penetration of a substance into the body of another. One 
distinguishes  between  physical,  chemical  or  biochemical 
absorption. 
Adaptation  Adaptation  is  the  acclimatization  or  adjustment  to  a  certain 
environment.  
Adsorption  Of adsorption one speaks when a gas or liquid accumulates or 
sorbs on a solid surface forming a molecular or atomic film. 
Therefore, adsorption is the taking up of one substance on the 
surface of another. This includes ion exchange as a specific 
form of adsorption. In this thesis, ammonia may be adsorbed 
but  not  exchanged,  while  ammonium  is  exchanged  but  not Terms and Definitions 
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adsorbed. 
Biofilm  A biofilm is a layer microorganisms attached to a surface.  
Biofilter 
specific 
odour 
Odour directly resulting from the biofilter media. 
Bioscrubber  A biological waste gas treatment process in which the water-
soluble compound (absorbate) dissolves in water (absorbent) 
and  becomes  available  as  a  nutrient  source  for 
microorganisms attached within the bioscrubber. 
Buffer effect  Capacity  of a  system  to  balance  the  impact  of  variable  gas 
loads or concentrations. 
Clean gas  Odour free and treated waste gas.  
Degradation 
efficiency 
Is  the  efficiency  of  biological  or  chemical  degradation  of 
compounds  accomplished  by  microorganisms  or  chemical 
reactions.  
Desorption  Desorption means the reverse/ opposite process of sorption. 
Detectagas  Is  a  trademarked  name  owned  by  BOC  Limited 
(http://www.trademarkify.com.au/trademark/963089?i=DETEC
TAGAS-Terms and Definitions 
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BOC_Limited_ACN_Avenue_NORTH_RYDE_NSW_2113_AU
STRALIA). Detectagases are gases and gas mixtures for the 
calibration  of  instruments  including  field  instrumentation  for 
atmospheric and environmental monitoring 
Dilution 
number 
The volume ratio of clean gas to waste gas determined by the 
participants  of  an  odour  panel  to  bring  the  odour  to  its 
threshold value (olfactometry). 
Enclosure  A  structure  fully  enclosing  a  building,  which  offers  complete 
waste gas collection and its treatment. 
Filter material  Provides  surface  area  and  can  be  nutrient  source  for 
microorganisms.  In  addition  it  can  act  as  a  load  buffer  and 
adsorbent. Furthermore, it also helps to homogenize the waste 
gas and distribute water trickling through it.  
Greenhouse 
gas 
Any gas, which contributes to the greenhouse effect.  
Inoculation  The  introduction,  attachment  or  fixation  of  microorganisms 
onto a filter material.  
Ion exchange  The  reversible  exchange  of  ions  between  a  solid  material 
(such as filter material) and solution. 
Mechanical- Facility  to  treat  the biodegradable fraction of municipal solid Terms and Definitions 
XXXI 
 
biological 
treatment 
facility 
(MBTF) 
waste  and  other  waste  streams  by  biological,  mechanical, 
physical or a combination of those processes. 
Moisture 
content 
a)  Water  content  in  air  depending  on  temperature  and 
atmospheric pressure [mL m
-3 or µL L
-1] 
b)  Amount of water surrounding the filter material [g g
-1 
zeolite]. 
Odour 
threshold 
The lowest concentration at which 50% or greater of panellists 
could detect an odour. 
Odorant  Gaseous compound that triggers an odour sensation. 
Olfactometer  Device to dilute waste gas with clean gas for the presentation 
to participants of an odour panel. 
Olfactometry  Science of smell and odour. 
Porosity  a)  Pores,  pockets,  cavities  and  channels  within  a  solid 
particle (zeolite) forming microscopic spaces. 
b)  Channels and pathways formed between the individual 
filter  material  particles  providing  macroscopic  inter 
particle spaces. 
Raw gas  Untreated waste gas. Terms and Definitions 
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Regeneration  Process where a physical or chemical state is restored to 
its original state.  One  distinguishes between biological  and 
chemical regeneration. 
Sorption  The  term  sorption  encompasses  both  adsorption  and 
absorption processes and is the attachment of one or more 
chemical compounds on a solid surface (adsorption) or in a 
liquid (absorption). 
Waste gas  Gas  stream  containing  solid,  liquid  or  gaseous  emissions 
generated by treatment processes. 
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CHAPTER 1 
 
1   
Introduction 
 
 
1.1  Odour 
From an evolutionary perspective the sense of smell is an information channel 
for receiving signals required for survival which are carried by gaseous volatile 
compounds via the breath [1]. This causes the need of precise selectivity and 
distinction  to  decode  these  environmental  signals  under  any  circumstance. 
Odour or smell properties result in the ability to distinguish between an odour 
active  and  odourless  gas,  to  determine  the  extreme  variation  of  odour 
responsiveness,  the  adaption  by  long-term  exposure  and  the  capability  to 
differentiate between a pleasant and nuisance odour. Neutralization or creation 
of  a  new  smell  can  occur,  when  one  odour  masks  another  odour.  The 
introduction  of  different  odours  is  often  not  additive,  but  rather,  causes 
unexpected odour experiences. Chapter 1 
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In  environmental  science,  odours  are  generally  described  as  unacceptable, 
annoying  or  unpleasant.  These  unpleasant  odours  can  arise  from  certain 
industrial processes, adversely affecting workers and even residents downwind 
of  the  industry.  The  most  common  sources  of  industrial  odour  arise  from 
sewage treatment plants and other waste treatment facilities, e.g. composting 
facilities  and  landfills  [2, 3].  Odorous  compounds  can also be  released  from 
refineries [4], animal rendering plants [5], and chemical industry processes [6], 
which can lead to resentment by the general public, and may lead to lawsuits. 
Nuisance  lawsuits  which  describe  general  decline  in  community  or 
neighbourhood quality of life, include legal terminology such as:  
1.  Personal distress, unpleasantness and annoyance,  
2.  Loss of enjoyment of personal property, and/ or  
3.  Diminished property value or rental value. 
Intensive livestock farmers are increasingly confronted with prosecutions from 
nearby  residents.  In  2009  Vansickly  et  al.  [7]reported  three  nuisance  cases 
caused by livestock producers which went to trial in 2008 in Iowa. Other authors 
refer to conflicts with hog producers [8] but also cases are reported for other 
agricultural industries such as cattle production [9]. 
The rising number of nuisance lawsuits recorded in the USA also indicates an 
increase  in  populations  experiencing  non-specific  symptoms  such  as 
headaches,  nausea,  reflex  nausea,  gastrointestinal  distress,  fatigue,  eye 
irritation, throat irritation, shortness of breath, runny nose, sleep disturbance, 
inability to concentrate, classical stress response. However, the health effect Chapter 1 
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component to the individual is seldom reported. Non-specific symptoms have 
been experienced in populations next to industrial and agricultural sites, waste 
water treatment plants, and hazardous waste facilities [10]. However, it is still 
unclear whether these non-specific symptoms are directly or indirectly related to 
the odour exposure. For example, is a headache due to a physiological change 
caused by the presence of a chemical odorant, or is it because the citizen is 
“simply annoyed” [11]. Surveys rather document that individuals complain about 
a  general  discomfort  which  they  relate  to  chemical  odours,  i.e.  10 %  of  the 
residents of  a nearby  waste  treatment plant  reported  that  odours  had made 
them  sick  [12].  Health  effects  caused  by  pesticides  used  on  a  potato  farm 
revealed that while health effects were not related to nearness of population to 
the fields, odour perception was strongly related to the number of symptoms 
reported,  the  length  of  occurrence  of  the  symptoms,  and the  severity  of  the 
symptoms [13].  
Another study assessed both the physical and mental health of residents near a 
large-scale  swine  livestock.  The  results  indicated  that  the  neighbours  of  the 
agricultural  facility  reported  higher  rates  of  symptoms  including  respiratory 
problems,  nausea,  headaches,  and  irritated  eyes,  nose  and  throat  [14].  The 
medical  community  acknowledges  that  certain  non-specific  symptoms  have 
causes  that  cannot  be  explained  using  conventional medical  or  toxicological 
theories.  Multidisciplinary  research  that  is  studying  animal  and  human 
physiological  and  neurological  responses  to  odorants  will  lead  to  new 
understanding of the ‘gray line’ between odour nuisance and health effects [11]. 
All of the mentioned cases above make regulations and actions necessary. Chapter 1 
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1.1  Regulations 
The regulations of air pollutants in general are very different across the globe 
ranging from non-existent, e.g. in undeveloped countries, to highly regulated, 
e.g. in Germany. Policies and guidelines like the TA Luft (German Technical 
Instructions  for  Clean  Air)  [15]  prevent  dangerous  environmental  impacts 
caused  by  air  pollution  and  also  help  to  protect  the  general  public  and  the 
neighbourhood,  achieving  a  high  protection  of  the  environment  altogether. 
Australian councils have the power to handle public nuisance declared in Act 
1993 [16]. In section 3 of the Act 1993 (Interpretation) a pollutant is defined as 
any solid, liquid or gas (or combination thereof) including waste, smoke, dust, 
fumes and odour [16]. In section 4 (Responsibility for pollution) it is defined, that 
the occupier or person in charge of the vehicle or place emitting the emission, 
discharge and or deposition is responsible for the pollution. Section 82 (Causing 
environmental nuisance) subsection 1 “A person who causes an environmental 
nuisance by polluting the environment intentionally or recklessly and with the 
knowledge that an environmental nuisance will or might result is guilty of an 
offence.” In subsection 2 “A person who by polluting the environment causes an 
environmental nuisance is guilty of an offence.” In section 10 (Objects of Act), 
subsection 1 b (i) of the Act 1993 it is written: “to ensure that all reasonable and 
practicable measures are taken to protect, restore and enhance the quality of 
the  environment  having  regard  to  the  principles  of  ecologically  sustainable 
development, and 
(i)  to prevent, reduce, minimize and, where practicable, eliminate harm 
to the environment”. Chapter 1 
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Summarizing it can be said that the Act 1993 defines odour as a pollutant and 
the institution releasing the pollutants is responsible to minimize, reduce and 
prevent the impact and therefore the environmental nuisance. 
1.2  Odour detection and evaluation 
1.2.1  Olfactometry (Human odour evaluation) 
The elusiveness of smell or odour characterisation by chemical and physical 
methods complicates their detection and evaluation [17]. Olfactometry is state 
of art in odour detection utilising the human nose as a sensor [17]. It is known 
as the science of smell with the aim to evaluate and detect odorous compounds. 
It is defined as “the controlled presentation of odour for the observation of the 
resulting  human  sensation”  [18].  The  reaction  of  a  single  person  or  panel 
participant on a certain odour impulse is thereby measured [19].  
An example for a single person odour evaluation technique is provided by St. 
Croix Sensory, Inc. The Nasal Ranger is an infield olfactometer for measuring 
and quantifying odour strength in ambient air. The portable device (Fig. 1-1) 
enables the user to determine ambient odour dilution-to-threshold (D/ T) values. 
A  calibrated  series  of  discrete  dilutions  generates  a  mixture  of  odorous  and 
carbon  filtered  ambient  air.  The  D/  T  ratio  is  a  measure  of  the  number  of 
dilutions needed to make the odorous in ambient air just “non-detectable”. Chapter 1 
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Fig. 1-1: Nasal range olfactometer [20] 
A  more  conventional  method  employs  an  odour  panel  where  a  number  of 
participants determine the D/ T value. The number of panellists (Fig. 1-2) and 
the sample size (minimum number of panellists) is usually adjusted to meet the 
accuracy requirements imposed by the objective of the test. This is essential to 
determine  the  spread  of  the  confidence  interval,  e.g.  German  guidelines 
recommend that not less than eight panellists need to be employed [21]. The 
selected  panellists  are  chosen  in  relation  to  their  ability  (health,  tendency  to 
guess, decisiveness) to determining odour [18]. The odour detection sensitivity 
of the panellist (position of his/ her individual odour threshold) is not a selection 
criterion [21]. Chapter 1 
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Fig. 1-2: Odour panel [22] 
1.1.1  COMPOUND SPECIFIC ODOUR DETECTION (MACHINE OLFACTOMETRY) 
Several  attempts  have  been  undertaken  in  the  last  few  decades  to  use 
electronic  equipment  to  determine  gas  composition  and  evaluate  odour 
nuisance based on these results. ‘Electronic noses’ for example belong to those 
devices.  The  year  1982  is  known  as  the  beginning  of  the  development  of 
technological-sensorial measurement equipment which are able to technically 
imitate  the  sense  of  smell  [23].  In  an  electronic  nose,  chemosensory  arrays 
were  combined  with  electronic  data  processing  and  pattern  recognition. 
Persaud  and  colleagues  [23]  report  that  this  device  can  reproducibly 
discriminate between a variety of odour. Its properties show that discrimination 
in  an  olfactory  system  could  be  achieved  without  the  use  of  highly  specific 
receptors. Modern software development and material science improvements Chapter 1 
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are important aspects of the development of electronic noses which consist of 
five elements:  
1.  A sensor array which is exposed to the volatiles; 
2.  Conversion of the sensor signals to a readable format;  
3.  Software analysis of the data to produce characteristic outputs related to 
the odour encountered; 
4.  Clean-out mechanism to remove the carry-over from previous samples; 
and 
5.  Correction for electronic signal drift. 
The  sensor  output  signals  are  interpreted  via  a  variety  of  methods  such  as 
pattern  recognition  algorithms,  principal  component  analysis,  discriminate 
function analysis, cluster analysis and artificial neural networks to discriminate 
between samples [24]. 
Another approach is to apply commonly used separation techniques such as 
gas  chromatography  (GC)  to  separate  a  gas  sample  into  its  chemical 
compounds  or  compound  groups.  Subsequent  detectors  (e.g.  mass 
spectrometer  (MS)  [25]  or  flame  ionisation  detector  (FID)  [26])  identify  the 
compounds and its amount in the gas mix. There are different sample injection 
methods available depending or influenced by the type of sample, sample size 
and sampling method. Evacuated stainless steel chambers and a container of 
synthetic  gas  tight  material  (Tedlar  bags)  are  commonly  used  for  whole  air 
samples but are very limited in sampling volume. In contrast, adsorption and 
absorption  techniques  i.e.  solid  phase  microextraction  (SPME) and  sampling 
with  adsorbent  tubes are  used  to  concentrate the  sample  but  can  be highly Chapter 1 
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selective. The adsorbent is thereby exposed to an odour or gas for a period of 
time.  Desorption  of  the  accumulated  compounds  is  initiated  via  specific 
properties of the analytical instrument (thermo or chemical).  
All these mechanical measurements fail in terms of presenting an odour result 
rather than a list of chemical compounds. Simultaneous GC-MS Olfactometry is 
a  method  to  separate  the  individual  components  of  odorous  mixtures  and 
combining the perception of the human nose with MS (Fig. 1-3). The gas stream 
is  thereby  separated  into  a  “human  nose”  stream  and  a  MS  stream. 
Simultaneous analysis by the MS allows the odorous molecules to be identified 
using  sophisticated  chemical  library  software.  The  author  questioned  the 
reliability of that method, since the human odour sensation also depends on the 
amount  and  exposure  time  and  GC  are  only  capable  to  separate  gas  and 
analyse certain (small) amounts of gas. 
Modern and portable equipment such as portable GC and FTIR allow in field 
and  laboratory  online  monitoring.  Online  monitoring  (especially  in  laboratory 
setups)  and  automated  data  acquisition  allows  accurate  mass  balance 
calculations. The limitation of these techniques is the moisture sensibility of the 
equipment. Dry gas streams can be achieved by various physical or chemical 
methods  such  as  activated  carbon  [27],  silica  gel  [28,  29]  or  potassium 
hydroxide (KOH) pellets [30]. A disadvantage of this method is that compounds 
of interest also adsorb onto the used physical or chemical dryer method and 
thereby requiring additional analytical techniques [31-35].  Chapter 1 
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Fig. 1-3: Simultaneous GC-MS and olfactometry [36] 
1.2  Overview of odour treatment 
The process of odour formation, emission, transport and dispersion, exposure 
to the individuals and resulting nuisance in the exposed environment is very 
complex [37]. A significant odour free environment can only be established by 
either  not  producing  any  odour  or  by  treating  the  pollutions  at  the  emission 
source.  Prevention  should  be  always  the  first  choice.  Reductions  in  odour 
emissions can also be made by considering seasonal conditions. For example, 
limited  use  of  pesticides  and  nutrients  based  on  weather  conditions  for  the 
agricultural industry. The application of slurry is only recommended on windless 
days, away from settlements (observing prevailing wind direction), or on cool 
and less sunny weather conditions to minimize evaporation. The risk of odour Chapter 1 
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emissions  from  other  industries  such  as  compost  facilities,  wastewater 
treatment plants, food processing or chemical industries are permanent. These 
industry sectors cover or encase the odour source to reduce gaseous emissions. 
This has the advantage that the odour release can be controlled by sucking or 
pumping the gas into a treatment system [38]. The success of controlled odour 
removal is only given when most, if not all odour components can be converted 
into odourless compounds. A number of odour removal systems are known and 
widely used. An overview is given in Fig. 1-4. 
 
Fig. 1-4: Overview of odour treatment processes 
All the mentioned treatment systems have disadvantages. Some are expensive 
(thermal treatments [39, 40]), producing high concentrated end products which 
need further treatment or must be disposed by wet chemical and separation 
treatments [41-43] or fail because of a combination of the above reasons [44, 
45]. 
In common biofiltration for example, the pollutant (odour) is first absorbed into 
the  water phase  of  the  biofilter. That  water is essential for microbial  life  but 
contains  the  risk  of  producing  leachate  when  too  much  water  is  present. 
Moisture control is therefore a key issue in biofiltration similar to the choice of 
the filter material. Organic filter materials such as compost [46], pine bark [47], Chapter 1 
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pruning waste [48] and combinations [49] of those provide additional nutrient 
source but are also biodegradable causing blockages and channelling in the 
filter system. Organic filter materials are readily available and less costly than 
inorganic filter materials. Inorganic filter materials like ceramics [50, 51], plastics 
[51, 52] or foams [6] have the advantage of high stability and persistence but 
microorganisms  attachment  is  often  difficult  since  all  nutrients  need  to  be 
supplied. 
In addition, in countries like Germany, biological treatment systems alone are 
not sufficient to reach the targeted threshold anymore [17]. For these reasons 
the attempt to develop a novel biochemical biofilter system for odour removal is 
necessary. 
1.3  Ammonia – an odour model compound 
As mentioned above, odour is a complex chemical composition with unique and 
unpredictable  characteristics.  To  test  a  novel  biofilter  system  it  is  therefore 
essential to choose model compounds to reduce the complexity and to clearly 
allocate cause and effect in the system. In this thesis ammonia was chosen as 
the model compound. 
On  the  5
th  of  July  2011  an  article  presented  on  the  German  news  website 
“www.tagesschau.de” [53] reported about “biting ammonia” in piggeries. This 
showed that (a) ammonia is still a present problem and (b) confirmed that we 
had  chosen  the  correct  model  compound  for  our  research  four  years  ago. 
Ammonia  (NH3)  is  one  of  the  most  common  odorous  gases  emitted  by 
petrochemical  industry,  food  processing,  paper  manufacturing,  waste  water Chapter 1 
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treatment  plants  (measured  at  concentrations  as  high  as  1023 ppmv  [54]), 
composting  facilities  (reported  up  to  394 ppmv  [55])  and  livestock  farms 
(detected at a range of 10 – 60 ppmv [56]). The colourless, corrosive and toxic 
gas has a strong, offensive and repellent odour with an olfactory threshold of 
detection  of  0.16 µmol  L
-1  (4 ppmv)  [57]  and  2.05 µmol  L
-1  (50 ppmv)  [58]. 
Reasons  for  the  two  different  thresholds  are  unclear.  However,  different 
sensitive perception and training of the panellists as well as variations in gas 
volume and gas flow rate can result in dissimilar detection threshold. Exposure 
to 50 – 100 ppmv NH3 causes irritation to the mucous membranes, generating a 
burning  sensation  in  the  eyes,  nose  and  throat  [59].  At  concentrations  of 
400 ppmv the irritation is immediate, at 1500 ppmv ammonia causes coughing 
and at 2500 ppmv it is life-threatening [60]. Research has shown that animal 
health and animal productivity are also related to ammonia concentration in the 
livestock  environment  [61].  The  increase  in  environmental  litigation,  coupled 
with a rising environmental awareness and a focus on quality of life has resulted 
in an increased number of proposed technologies and methods for ammonia 
treatment. Ammonia can also be converted to nitrous oxide (N2O), which is a 
strong  greenhouse  gas  [62]  and  is  therefore  a  precursor  of  global  warming. 
Another  important  concern  for  ammonia  in  the  atmosphere,  is  the  possible 
conversion to secondary fine particulate matter in the presence of SOx or NOx 
[63, 64]. 
In  the  German  TA  Luft  [15]  it  is  regulated  that  depending  on  the  industry 
(fertilizer industry or facilities to dry waste) a maximum of 80 – 20 mg m
-3 (4.7 –
 1.2 µM) of ammonium are allowed to be emitted. Biofiltration is commonly used 
to  remove  ammonia  from  air  streams.  Nitrifying  bacteria  (Nitrosomonas  and Chapter 1 
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Nitrobacter) are capable to convert NH4
+ to nitrite and nitrate. The metabolites 
will accumulate under aerobic conditions, until the biofilter activity is inhibited 
due to high  concentration.  Flushing  the  metabolites out  (by  water  irrigation), 
replacing the filter material or switching the filter to anaerobic conditions can 
prevent inhibition. The disadvantages of such actions are: 
1.  Production of leachate with high concentration of ammonium, nitrite and 
nitrate which needs treatment or disposal 
2.  Filter material replacement interrupts the filter operation, causes down 
time and additional costs 
3.  For a continuous ammonia treatment and filter regeneration (at least) two 
separate aerobic and anaerobic filter need to be available 
Another but never implemented aerobic treatment method is the conversion of 
the  accumulated  NH4
+  and  NO2
-  by  a  spontaneous  chemical  reaction  of 
NH4NO2 to N2 and 2 H2O (Equation 1-1). This reaction is known for more than 
160 years [65] and takes place as soon as ammonium and nitrite are present in 
aqueous and non aqueous conditions [66]. 
   
        
               Equation 1-1 
Abel [67] describes the kinetics of the reaction as a third order reaction involving 
NH4
+, HNO2 and NO2
- (Equation 1-2): 
         ⁄    [   
 ][   
 ][    ]  Equation 1-2 
Other authors [68] use a simpler 2
nd order reaction (Equation 1-3): Chapter 1 
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         ⁄    [   
 ][    ]  Equation 1-3 
Because Abel’s model is more widely accepted [69] Equation 1-2 will be used in 
this work. The k constant was subject of discussion in a number of publications 
[68, 70] however in this study we use the k constant of 3.67*10
-3 [unit less] at 
25 °C [67] as it was originally postulated by Abel. It need to be noted, that the k 
constant was note checked in this research and was therefore accepted from 
the  publication  mentioned  above.  Interestingly  this  reaction  is  not  only 
dependent on nitrite and ammonium concentration but also on the amount of 
free nitrous acid which means that the reaction will proceed faster at lower pH 
values with a maximum rate at around the pKa value (3.4) of the NO2
- / HNO2 
equilibrium. By adding an acid as a catalyst the reaction in Equation 1-1 can be 
initiated at room temperature. 
1.4  Zeolite 
Zeolites belong to the group of solid acids [71, 72] and can be used as catalyst 
for the reaction in Equation 1-1 [69, 73]. Zeolite was first identified as a mineral 
group in 1756 by Baron A. F. Cronstedt, a Swedish mineralogist [74]. Zeolites 
are crystalline, porous 3 dimensional aluminosilicates of the alkali (Na and K) 
and alkaline earth (Ca) metals (Fig. 1-5). 
Zeolites primary building structure of the silicate is a tetrahedron attached to 
four  oxygen  atoms  around  a  silicon  atom.  Replacement  of  the  silicon  by 
aluminium results in an unbalanced charge. In this state the four oxygen atoms 
are still present (4 times 1
- charge), but the silicon (4
+ charge) is replaced by 
one single atom of aluminium (3
+ charge), resulting in a total negative charge of Chapter 1 
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one. The unbalanced charge will then be compensated by a cation. This cation 
is  not  strongly  bound  and  is  therefore  readily  exchanged  (depending  on 
selectivity and relative concentration) with cations in a surrounding solution (if  
 
Fig. 1-5: Zeolite grain sieved to 2.4 – 4.0 mm 
available).  The  exchangeable  cations  in  zeolites  are  located  in  regularly 
arranged channels and cavities (Fig. 1-6), near molecular size, through which 
liquid  can  flow.  Zeolites  have  therefore  significantly  higher  cation  exchange 
capacities than other aluminosilicates. 
The  ratio  of  aluminium  and  silicon  atoms  as  well  as  the  type  and  relative 
abundance of associated cations varies and results in a wide range of zeolites 
with different structures and characteristics. Almost all zeolites facilitate cation 
exchange.  The  degree  of  cation  exchange  and  their  positive  discrimination Chapter 1 
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differs  with  type.  Clinoptilolite,  for  example  is  a  zeolite  with  known  selective 
affinity  for  ammonium  and  potassium.  That  capability  of  selective  cation 
exchanged  is  already  applied  in  adsorption  industries  and  waste  treatment 
processes. 
 
Fig. 1-6: Zeolite structure [75] Chapter 1 
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For example, clinoptilolite exposed to ammonium dissolved into solution triggers 
ion exchange until exhaustion of NH4
+ from the solution or NH4
+
 saturation of 
the clinoptilolite. The adsorbing capacity is limited and regeneration steps are 
required in order to reuse or prolong adsorption capabilities. The most accepted 
and widely available methods for regeneration of NH4
+ saturated clinoptilolite 
are  (i)  the  chemical  and  (ii)  the  biological  regeneration.  The  chemical 
regeneration is usually achieved by exposing the zeolite to a strong solution 
(KCl) causing cation exchange from this solution displacing the ammonium from 
the  zeolite  into  solution  [76].  This  results  in  high  ammonia/  ammonium 
concentration  in  the  regenerate  liquor.  Biological  regeneration  involves 
microorganisms [76]. Ammonium oxidising bacteria (nitrifyers) are grown on the 
zeolite and under aerobic conditions; ammonium is oxidised to nitrite and nitrate. 
This  results  in  high  nitrate  concentrations  in  the  regenerated  liquor.  In 
wastewater treatment plants a subsequent anaerobic step is required for the 
denitrification of the regenerate liquor [76].  
Regeneration of exchange capacity is generally carried out off-line because the 
nitrogen which has been removed is released back into solution, which normally 
cannot be tolerated in the effluent [76].  
1.5  Objectives 
This thesis presents a novel biofilter design with zeolite as an inert filter material 
acting  as  microorganism  carrier  and  catalyst.  The  ammonium  filter  system 
works under aerobic conditions with a simultaneous regeneration of zeolite. The 
objectives of this study are: Chapter 1 
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I.  The  development  and  testing  of  a  biofilter  system  for  sustainable 
ammonia removal from air and conversion to nitrogen 
II.  The  use  of  zeolite  as  an  non-biodegradable  filter  material  as  biofilm 
carrier and catalyst 
III.  The natural development of biological and chemical microenvironments 
(layer) without pH or water adjustment 
IV.  The application of the reflux method to biofiltration in order to maintain 
moisture  content  within  the  biofilter  and  achieve  layer  formation  and 
gradual  distribution  of  ammonium,  nitrite  and  nitrate  to  achieve  areas 
with biological and chemical microenvironments 
V.  The development of a single filter system with spatial separation due to 
layer  formation  allowing  simultaneous  biological  degradation  of 
ammonium  to  nitrite  and  nitrate  as  well  as  the  chemical  reaction  of 
ammonium nitrite catalysed by zeolite at room temperature  
VI.  Achieve  a  dry  gas  outlet  of  the  biofilter  to  allow  continuous  online 
monitoring with moisture sensitive equipment 
VII.  The development of a biofilter system without leachate production and 
zero additional water supply to reduce water usage 
This thesis describes the theoretical background and the development of the 
biofilter and shows and discusses the results of comprehensive test series. This 
thesis is composed of five chapters, whereof chapter one contains a general 
introduction, chapters two, three and four are written as publications, aiming for 
publication  in  peer-reviewed  journals.  The  manuscripts  have  not  been 
submitted yet because the content of this thesis is currently in the process of 
intellectual property (IP) approval. Chapter two describes the need and potential Chapter 1 
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as well as the theory of a novel biochemical ammonia filter system. Chapter 
three contains information about the design, automation and operation of the 
novel filter system. Chapter four presents detailed results and layer formation. 
The conclusions of the findings are presented in chapter five.  
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Abstract 
A  sufficiently  reliable  and  sustainable  method  to  remove  ammonia  from  air 
streams  has  still  not  been  found  for  biofiltration.  The  degradation  of  biofilter 
media, the accumulation of ammonium, nitrite and nitrate or the production of 
leachate causes biofilter failure and inefficiency. We present a novel concept on 
how future ammonia biofilter systems can be operated and designed. Zeolite 
(clinoptilolite) is recommended as a non-biodegradable filter material that also 
offers surfaces for nitrifying bacteria to flourish. In addition zeolite’s capability to 
adsorb and thereby buffer ammonia loads as well as to catalyse the reaction of 
NH4NO2 to N2 and 2 H2O is of great benefit. In water, dissolved ammonium is 
first  nitrified  by  nitrifying  bacteria  to  nitrite.  Ammonium  and  nitrite  are  then 
allowed to react, chemically catalysed by the zeolite. The feasibility of oxidising 
ammonia to nitrite by nitrifying bacteria is well established, but the subsequent 
chemical reaction of ammonia  and  nitrite  has  not  been  applied  to  a  biofilter 
before.  Experiments  were  carried  out  to  demonstrate  the  feasibility  of  the 
reaction. We then present the feasibility of operating a single biochemical filter 
system to convert ammonia in an air stream biochemically to nitrogen gas. 
Keywords: ammonia, biofilter, reaction with nitrite, zeolite 
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2.1  Introduction 
Ammonia  (NH3)  is  one  of  the  most  common  odorous  gases  that  can  be 
produced  in  today’s  societies;  e.g.  petrochemical  industry,  food  processing, 
paper  manufacturing,  wastewater  treatment  plants  (1023 ppmv  [54]), 
composting facilities (394 ppmv [55]) and livestock farms (10 – 60 ppmv [56]). 
The colourless, corrosive and toxic gas has a strong, offensive and repellent 
odour with an olfactory threshold of detection of approximately 0.16 µmol L
-1 
(4 ppmv) [57] and 2.05 µmol L
-1 (50 ppmv) [58]. Reasons for the two different 
thresholds are unclear. However, different sensitive perception and training of 
the panellists as well as variations in gas volume and gas flow rate can result in 
dissimilar detection threshold. Exposure to 50 – 100 ppmv NH3 causes irritation 
to the mucous membranes, generating a burning sensation in the eyes, nose 
and  throat  [59].  At  concentrations  of  400 ppmv  the  irritation  is  immediate,  at 
1500 ppmv ammonia causes coughing and at 2500 ppmv it is life-threatening 
[60]. Research has shown that animal health and animal productivity are also 
related  to  ammonia  concentration  in  the  livestock  environment  [61].  The 
increase  in  environmental  litigation,  coupled  with  a  rising  environmental 
awareness and a focus on quality of life has resulted in an increased number of 
proposed  technologies  and  methods  for  ammonia  treatment.  In  addition,  if 
ammonia  is  not  sufficiently  removed  from  gas  streams  released  into  the 
atmosphere, it can be converted to nitrous oxide (N2O), which is a powerful 
greenhouse gas [62]. 
A number of ammonia removal methods are known but all show disadvantages. 
Ammonia scrubbing for example, is an energy and/ or cost intensive process Chapter 2 
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which requires additional chemicals [77] or biological treatment. Scrubbing often 
results in large amounts of ammonium solution [78] that need to be disposed. 
Biofiltration is an alternative which can be operated at lower operational costs. It 
has  been  demonstrated  in  various  studies  to  be  an  effective  and  reliable 
biological method to treat a wide range of pollutants  [39].However, ammonia 
biofiltration involves the dissolution of ammonia gas in the water phase of the 
wet  filter bed.  Depending  on  temperature and pH the dissolved  ammonia  in 
solution is present as free ammonia (FA) or ammonium (NH4
+). NH4
+ can be 
biologically oxidized to nitrite (nitritification) and nitrate (nitratification) when a 
suitable  biofilm  has  been  allowed  to  develop.  Both  nitritification  and 
nitratification  are  carried  out  by  different  microorganisms,  Nitrobacter  and 
Nitrosomonas,  respectively  [79].  Accumulation  of  the  metabolites  will  cause 
inhibition and finally cause biofilter failure. 
In  contrast  to  the  risk  of  biological  inhibition,  the  well-established  chemical 
reaction  of  ammonia  and  nitrite  to  nitrogen  gas  (N2)  in  aqueous  solutions 
(Equation 2-1) is favoured at high concentrations [65]. This decomposition is 
rapid near 100 °C and does not require a catalyst at that temperature [73]. 
   
        
               Equation 2-1 
This chemical reaction needs a more detailed description.  Following Million’s 
findings  [65]  studies  showed  poor  reproducibility  until  Abel  et  al.  [67] 
demonstrated that in the presence of a supplementary acid, reproducible results 
for  the  production  of  N2  can  be  achieved.  The  acid  catalysed  reaction  of 
NH4NO2  N2 + 2 H2O was observed at significantly lower temperature (25 °C) Chapter 2 
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then without an acid. It was concluded that strong Brönsted acids interrelate 
with ammonium nitrite by lowering the activation energy of Equation 2-1. 
Abel [67] describes the kinetics of the reaction as a third order reaction involving 
NH4
+, HNO2 and NO2
- (Equation 2-2). 
         ⁄    [   
 ][   
 ][    ]  Equation 2-2 
Other authors [68] use a simpler 2
nd order reaction (Equation 2-3). 
         ⁄    [   
 ][    ]  Equation 2-3 
Results presented by Li in 2006 [69] support and reinforce the findings by Abel 
[67] even in the absence of an aqueous phase and therefore Equation 2-2 will 
be used in this work. The appropriate k constant was subject of discussion in a 
number of publications [68, 70]. In this study we use the k constant of 3.67*10
-3 
[unit less] at 25 °C which was originally suggested by Abel [67]. The catalytic 
acid will be provided by the solid acid zeolite. 
Zeolites are used as catalysts in many industries [52, 72, 73, 80-82]. Zeolites 
are naturally and widely occurring aluminosilicate minerals. They are composed 
of tectosilicates with isomorphous substitution of Al
+3 for Si
4+ and have a high 
ion  exchange  capacity  [83].  Some  of  the  quadrivalent  silicon  atoms  are 
replaced by trivalent aluminium atoms resulting in an increase of the deficiency 
in positive charge. The charge is balanced by the presence of cations usually in 
the following order of decreasing amounts Na
+, NH4
+, K
+, Mg
2+, Ca
2+. Zeolites 
are  classified  depending  on  their  chemical  structure  and  their  ion  exchange 
capabilities. In this study clinoptilolite (a type of zeolite) has been used since its Chapter 2 
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structure makes the mineral highly selective for K
+ and NH4
+ and less selective 
for Na
+, Mg
2+ and Ca
2+ [84, 85]. Clinoptilolite can also adsorb molecules due to 
its large internal surface area. The adsorption area can be reached by a given 
molecule  passing  through  their  “pores”  [86,  87].  Clinoptilolite  is  known  to 
catalyse the NH4 and NO2
- to N2 reaction [69, 88]. The acidity and characteristic 
pore  structure  of  clinoptilolite  appeared  to  be  responsible  for  the  increased 
performance. Some zeolites can be considered to be a solid (mineral) acids [87, 
89]. Yeom and colleagues speculated that solid acids will protonate ammonium 
nitrite. They suggested that the reaction given in Equation 2-1 actually proceeds 
in two steps with protonated nitrosamine [H2NNOH]
+ being an intermediate [88]. 
Yeom [88] conducted experiments to investigate the effect of solid acids and 
studied  physical  mixtures  that  consisted  of  the  acid  zeolite  with  ammonium 
nitrite  covered  powder  [69].  It  was  found,  that  80 %  of  the  NH4NO2  was 
converted  to  N2  +  2  H2O  within  13 h  at  room  temperature  (25 °C).  That 
demonstrated that surface diffusion of acid protons and/ or ammonium nitrite is 
sufficient to enable the solid acid-catalysed reaction (Equation 2-1) to occur at a 
low temperature [69]. In addition, Sun and colleagues [90] demonstrated that 
the N2 product contains respectively of one N from NH3 and the other from NOx. 
The understanding of the effect of solid acidity on catalytic activity is also the 
subject  of  recent  research  [71].  For  catalysis  at  room  temperature,  two 
pathways are widely accepted:  
Pathway  one  shows  cyclic  double  interaction  between  the  ammonia  and 
cationic zeolites. Cyclic double interaction have been reported in a study of the 
interaction  of  ammonia  and  protonic  zeolites  [91]  and  in  a  more  recent Chapter 2 
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publication,  Eckert  et  al.  have  [92]  reported  the  same  interaction  between 
chloroform and Na–Y faujasite. Double interaction is probably accountable for 
the decomposition of ammonia as observed by TPD-MS and IR measurements 
[93].  The  decomposition  of  ammonia  within  cationic  zeolite  can  be 
corresponded  to  the  decomposition  of  water  molecules  inside  lanthanum 
faujasite zeolites reported by Das et al.  [94]. Gilles et al. postulates that the 
electrostatic  potential  of  multivalent  cations  as  counterions  causes  the 
dissociation of the water molecules to release strong Brönsted acid [93]. Using 
temperature programmed desorption mass spectrometry (TPD MS) for analysis, 
Gilles  and  colleagues  [93]  monitored  the  appearance  of  four  products  (i) 
ammonia, (ii) amine groups, (iii) dihydrogen and (iv) dinitrogen. Products (i) and 
(ii) come from the ionization and decomposition of the ammonia molecules in 
the chamber of the spectrometer. This pathway cannot explain the presence of 
dihydrogen and the dinitrogen. The authors proposed that these elements were 
produced  inside  the  zeolite  cavities  before  desorption.  Subsequently  the 
possibility of decomposition of ammonia molecules in cationic zeolites resulting 
in N2 and H2 as products was suggested. Brandle [91]and his colleagues have 
summarised  that  process  in  the  following  equation  (Equation  2-4),  where  Z 
represent the zeolite and B the molecule. 
                        Equation 2-4 
Pathway  two  is  based  on  the  capability  of  di-  or  trivalent  cations  (M)  to 
dissociate  water  molecules  to  produce  the  acidic  species  H
+  and  alkaline 
components such as MOH
+ (divalent metal cations) or MOH
2+ (trivalent metal 
cations) [95]. The dissociation of water by cations is well established and occurs Chapter 2 
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even at room temperatures [96]. A number of infrared studies concerning rare-
earth  or alkali-earth metal cation  exchanged  zeolites  have demonstrated the 
existence  of  such  species  (MOH
+  or  MOH
2+)  [97-100].  The  dissociative 
chemisorption of water is energetically preferred on zeolites with multipositive 
cations in their cavities [73]. Li et al. [73] also reports that the negative charge of 
zeolite  is  effectively  localized  on  Al-centered  oxygen  tetrahedra  in  the  rigid 
lattice, but the positive-charge carriers are ions located in the cavities. Only the 
positive-charge carriers are mobile. Electrostatic interactions of mono-positive 
ions, such as Na
+ are at optimum when the positive ions are located close to 
the  negative-charge  carriers.  However,  for  multipositive  ions  (e.g.  Ca
2+  and 
Mg
2+) a separate position for the positive charged carrier must be found [73]. 
That is necessary because multipositive ions cannot simultaneously be a close 
neighbour  to  each  of  the  two  or  three  immobile  negative  charges  that  it 
compensates.  In  this  situation  the  electrostatic  energy  of  the  system  will  be 
reduced by materials that dissipate the (n+) charge of the positive ion into n(1+) 
charges that can seek positions near an Al-centered tetrahedron of the zeolite 
[103].  An  example  of  such  a  charge  dissipation  is  the  following  hydrolysis 
reaction (Equation 2-5): 
                        Equation 2-5 
Both pathways result in the production of hydrogen favouring the reaction in 
Equation 2-1 by reducing the pH in the aqueous phase surrounding the zeolite. 
In addition to zeolite’s catalytic capabilities, its inertness is a further advantage 
of  the  mineral.  It  makes  natural  zeolites  an  ideal  inert  filter  media  [79]  and Chapter 2 
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studies have shown that microorganisms can attach onto the surface [101, 102]. 
Organic  support  materials  such  as  coconut  fibre  [103],  bark  or  peat  [47], 
compost [46] or pruning waste are commonly used because of their availability, 
low commercial cost and provision of nutrient sources for bacteria. However 
microorganisms attached to the organic media cause degradation of the filter 
material and therefore regular filter bed replacements are required as the bed 
collapses and can cause additional odour during biodegradation.  
The above considerations show that we can utilise a naturally occurring zeolite 
as a non-biodegradable matrix to support nitritifying bacteria. The zeolite also 
acts to buffer varying loads of ammonia. What has not been demonstrated is 
whether the chemical reaction of NH4
+ + NO2
-  N2 + 2 H2O can take place at 
the ambient conditions of a single biofilter. 
In this paper we demonstrate that the reaction indeed takes place and that it is 
catalysed at ambient temperatures by naturally occurring zeolite clinoptilolite. 
2.2  Materials and Methods 
2.2.1  CLINOPTILOLITE 
Clinoptilolite (Zeolite Australia Pty Ltd) was sieved to a grain size range of 2.4 –
 4.0 mm and washed with deionised water before drying at 105 °C for at least 
24 h. This will be referred to as clean Clinoptilolite throughout this thesis. The 
zeolite morphology was determined by using a Philips XL-20 scanning electron 
microscope  capable  of  energy  dispersive  chemical  analyses.  Zeolite  was 
mounted directly on stainless steel stubs using double-sided sticky tape with 
subsequent Au coating (Balzers Sputter Coating Device SCD020). The local Chapter 2 
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surface chemical element composition was obtained from the energy dispersive 
spectroscopy (EDS) spectra with an X-ray energy dispersive spectroscopy (X-
ray EDS; Oxford Link ISIS-2000) device. 
X-ray  diffraction  analysis  (XRD)  was  employed  to  determine  the  chemical 
composition of the used clinoptilolite. The chemical composition was obtained 
from  the  pattern  and  the  peaks  recorded.  Therefore  5 g  samples  were 
pulverized  in  duplicate  with  a  ball  mill  and  compacted  into  a  holder.  XRD 
patterns of the clinoptilolite were obtained using an Enhanced Multi Materials 
Analyser (EMMA) GBC Scientific Equipment Pty Ltd. A database search-match 
of patterns was made with Traces
® software. Scans were performed at a rate of 
1 ° min
-1 and a step size of 0.05 ° and at a wavelength of 1.54059 Å (Cu). 
The  cation  exchange  capacity  of  the  clinoptilolite  for  ammonium  was 
determined by a series of batch tests. Different amounts of clinoptilolite and two 
different concentration ranges (A and B) of NH4Cl solutions were used.  
A.  Concentration range 1 mM (batch i) and 10 mM (batch ii) NH4Cl in de-
ionised (DI) water (initial solution volume: 50 mL) with 0, 1, 2, 4, 8, 16 
and 32 g clean clinoptilolite 
B.  Concentration range 100, 1000 and 2500 mM NH4Cl in DI water (initial 
solution volume: 250 mL with 0, 50 and 500 g clean clinoptilolite 
After clinoptilolite and ammonium solution were added, the closed bottles were 
shaken (30 rpm) with an automatic bottle shaker at room temperature. Up to 6 
liquid  samples  were  taken  at  the  beginning  (time  =  0)  and  at  regular  time 
intervals.  Total  experiment  run  time  was  24 h.  Syringe  filtered  samples Chapter 2 
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(0.45 µm)  were  frozen  at  – 20 °C  until  analysis.  Cation  analyses  were 
performed on an HPLC (AGILENT 1200) with a “Universal Cation  HR, 3 μm, 
7.0 x 53 mm” column, coupled to a conductivity detector (Alltech Model: 350). 
Duplicate samples were analysed by multi-injections (3 injections per sample). 
Methanesulfonic acid in water (3 mM) was used as a mobile phase with a flow 
rate of 2.5 mL min
-1. 
2.2.2  REACTION BETWEEN AMMONIA AND NITRITE 
The  clinoptilolite/  solution  combinations  were  chosen  based  on  preliminary 
pretests. These pretests were conducted to estimate the amount of free water 
clinoptilolite is capable to hold. Therefore 20 g dry clinoptilolite were submerged 
into water for 24 h in duplicate. After that time, water was drained through a 
sieve  and  the  weight  of  the  moist  clinoptilolite  was  determined  (results  not 
presented). The moist zeolite was dried at 105 °C for 24 h and the weight was 
determined.  The  difference  between  moist  and  dried  zeolite  was  used  to 
calculate  an  average  moisture  content  (retention  capacity)  0.2 mL  water  g
-1 
clinoptilolite.  The  exact  water  content  is  required  for  further  calculations 
(2.3.2.1). Furthermore, 50 g of clinoptilolite provided a calculated surface area 
of  approximately  1000 cm
2  and  with  each  magnitude  less  clinoptilolite  the 
surface area degreases a magnitude. 
Experiments were conducted in 120 mL serum bottles closed with rubber bungs. 
Gas production within these close environments was determined by the change 
of  gas  composition  (gas  chromatography)  or  monitored  volumetrically.  To 
determine the change of gas composition in the headspace of closed serum 
bottles filled with varying amounts of clinoptilolite as well as ammonium and Chapter 2 
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nitrite  concentrations  the  following  experiments  (C  to  D)  were  conducted  at 
room temperature: 
C.  10 mL solution with a concentration of 2.5 M NH4Cl and 1 M NaNO2 was 
added to 50 g clinoptilolite 
D.  10 mL  solution  with  a  concentration  of  2.5 M  NH4Cl  and  1 M NaNO2 
without clinoptilolite 
As negative controls the following two experiments were set up and monitored 
at the same time and under same conditions as experiments C to D: 
E.  10 mL solution with a concentration of 2.5 M NH4Cl was added to 50 g 
clinoptilolite 
F.  10 mL solution with a concentration of 2.5 M NH4Cl and 1 M NaNO3 was 
added to 50 g clinoptilolite 
All experiments were performed in duplicates. After adding the compounds the 
serum bottles were immediately closed and the headspaces were flushed with 
industry grade helium for two minutes at a flow of 1 L min
-1. 
Batch experiments were conducted to investigate the effect of temperature and 
the role of clinoptilolite. Before closing the bottles with rubber bungs 10 mL of 
2.5 M NH4Cl plus 1 M NaNO2
- solution were added. In these experiments (G to 
L) 0, 0.05, 0.5, 5.0 and 50 g clean clinoptilolite was used.  
G. In a chilled water bath (12 °C) 
H.  At room temperature (22 °C)  
I.  In a heated water bath (55 °C)  Chapter 2 
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To determine the concentration  range of the ammonium and nitrite reaction, 
experiments (J to L) with 0, 0.05, 0.5, 5.0 and 50 g clean clinoptilolite in a 55 °C 
water bath were conducted: 
J.  90 mL  solution  with  a  concentration  of  100 mM  NH4Cl  and 
100 mM NaNO2  
K.  90 mL solution with a concentration of 10 mM NH4Cl and 10 mM NaNO2 
- 
L.  90 mL solution with a concentration of 1 mM NH4Cl and 1 mM NaNO2
-  
In experiments G to L, readings were taken initially every 30 min for the first 4 h 
and later twice a day over a period of one week.  
Nitrite  (I)  and  nitrate  (II)  in  water  was  analysed  in  duplicate 
spectrophotometrically  (wavelength  I  =  540 nm  and  II  =  420 nm)  based  on 
APHA Standard Methods [104].  
At  each  sample  event  individual  temperatures  were  recorded  for  further 
calculations.  All  determined,  calculated  and  expected  gas  volumes  were 
normalised  to  the  temperature  at  which  the  experiment  was  conducted.  The 
following equation (Equation 2-6) was used to calculate the required specific 
molar volume of an ideal gas   at a given temperature [mL mmol
-1], with   the 
universal gas law constant (8.31 [J  K
−1 m ol
−1]),   the temperature [K] and   the 
pressure [100 kPa]. 
       
  
  
  Equation 2-6 
Knowing  the  specific  molar  volume,  the  molar  mass  of  the  determined  gas 
volume  can  be  computed  employing  the  rule  of  proportion  (Equation  2-7). Chapter 2 
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Where m is the calculated molar mass [mol] at that given temperature and g is 
the gas volume [mL] determined during the experiment. 
   
 
 
     Equation 2-7 
After testing a number of curve fitting functions for the best fit, the Hill fit curve fit 
was used to interpolate the trend between the experimental results.  The Hill 
equation  (Equation  2-8)  is  a  three  parameter  equation  of  a  nonlinear 
relationship  between  two  variables,  x  (the  independent  variable)  and  y  (the 
dependent variable) [105]. The three parameters of the equation are Vmax, c 
and the coefficient n. 
        
  
         Equation 2-8 
2.2.3  GAS ANALYSES 
2.2.3.1  GAS COMPOSITION MEASUREMENTS 
With a gas tight syringe 350 µL of headspace gas sample was taken twice. The 
syringe was rinsed with the first 350 µL and 300 µL of the second syringe was 
finally injected into the gas chromatograph (GC). Gas samples were analyses 
by a Shimadzu GC 2010 working with helium as carrier gas (50 mL He min
-1), at 
40 °C,  using  a  thermo  conductivity  detector  (TCD)  at  150 °C.  A  concentric 
packed column was installed within the GC.  Chapter 2 
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2.2.3.2  VOLUMETRIC GAS MEASUREMENTS 
To  determine  the  volumetric  gas  production  over  time,  a  syringe  was 
permanently connected through the rubber bung of the serum bottles. A small 
amount of oil was added to the syringe plunger for a more precise recording. 
Before  daily  readings  were  taken  each  syringe  plunger  was  moved  up  and 
down to minimize resistance and to reach equilibrium. 
2.3  Results and Discussion 
2.3.1  CLINOPTILOLITE 
The  surface  morphology  analysis  by  scanning  electron  microscope  (SEM) 
showed the used zeolite having a rough surface and porous structure (Fig. 2-1). 
X-ray energy dispersive spectroscopy (EDS) analysis revealed the presence of 
both,  mono  and  multivalent  cations  on  the  zeolite  surface.  The  presented 
variations in element concentration (magnification: 160 (Fig. 2-1 ii) and 2600 
(Fig.  2-1  iii))  are  the  result  of  local  surface  element  analysis  of  the  natural 
zeolite  resulting  in  spatial  inconsistency  of  zeolite  composition.  The  average 
composition of 4 X-ray EDS scans performed on zeolite are presented in Table 
2-1.  The  confirmation  of  present  cations  will  be  of  benefit  for  the  catalytic 
reaction  mentioned  described  in  chapter  2.1.  The  determined  cations  match 
with the results reported by Christie [106] about the chemical composition of 
clinoptilolite. With an Si to Al ratio of 5.3 the clinoptilolite is clearly distinguished 
as  an  clinoptilolite-  Ca  [107].  Furthermore,  XRD  diffraction  pattern  (Fig.  2-2) 
identifies the pulverized zeolite as clinoptilolite. Therefore in this thesis the used 
zeolite will be referred as clinoptilolite. Chapter 2 
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Exposing different amounts of clinoptilolite samples to the same volume and 
concentration  of  NH4Cl  solution  gives  evidence  about  the  effects  of  initial 
concentration on the replacement of cations. In experiment A, batch (i) initially 
50, 25, 12.5, 6.25. 3.12 and 1.56 and in batch (ii) 500, 250, 125, 62.6, 31.23 
and 15.62 µmol NH4Cl g
-1 clinoptilolite were tested for 24 h. Results presented 
in Fig. 2-3 (i) show that at low NH4Cl (1 mM) concentrations Na was exclusively 
replaced.. 
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Fig. 2-1: SEM and XRD of clinoptilolite at a magnification of (i) 20, (ii) 160 and (iii) 2600 times 
 Chapter 2 
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Table 2-1: Clinoptilolite composition used in that study determined with 
XRD process (average values of 4 SEM EDX runs are presented) 
 
At concentrations above 50 µmol NH4Cl g
-1 clinoptilolite’s divalent Ca began to 
exchange.  Ca  will  continue  to  exchange  while  Na  reaches  a  maximum  of 
55 µmol Na g
-1 clinoptilolite when 1 g clinoptilolite is exposed to 250 µmol of 
NH4Cl (Fig. 2-3 (ii)). It was found that Ca become the dominant ion exchanged 
cation when clinoptilolite was exposed to 500 µmol NH4Cl g
-1 clinoptilolite (1 g 
clinoptilolite exposed to 50 mL 10 mM NH4Cl) and above. 
The highest load of 500 µmol g
-1 clinoptilolite was chosen with respect to the 
highest concentration measured during the experimental phase of this thesis 
(see 4.3.1). These cation exchange experimental results are presented as plots 
of s versus c, where s is the amount of adsorbed (NH4
+) or desorbed (sum of 
Na,  K,  Ca  and  Mg)  cations  onto/  from  clinoptilolite,  and  c  the  initial  NH4
+ 
concentration  in  solution  exposed  to  one  gram  clinoptilolite.  The  results  are 
plotted at different times (1 h, 2 h and 24 h) of measurement.  
In Fig. 2-4 (i) the adsorbed and desorbed cations are plotted for the complete 
load range mentioned above. The plotted results indicate that ion exchange is a 
process  occurring  over  time,  and  with  increasing  initial  concentration  higher  
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Fig. 2-2: XRD pattern of the used clinoptilolite  
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Fig. 2-3: Various amounts of clinoptilolite (0, 1, 2, 4, 8, 16 and 32 g) exposed to (i) 50 mL of 1 mM NH4Cl resulting in an initial 50, 
25, 12.5, 6.25, 3.125 and 1.5625 µmol NH4Cl g
-1 clinoptilolite condition and (ii) 50 mL of 10 mM NH4Cl resulting in an initial 500, 
250, 125, 62.5, 31.25 and 15.625 µmol NH4Cl g
-1 clinoptilolite condition (experiment A) Chapter 2 
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amounts of NH4
+ are adsorbed and other cations are desorbed respectively. A 
linear relation between c and s for the load of 1.56 µmol NH4
+ g
-1 clinoptilolite to 
125 µmol  NH4
+  g
-1  clinoptilolite  was  observed  (Fig.  2-4  (ii)).  At  initial 
concentrations above 125 µmol NH4
+ g
-1 clinoptilolite, a nonlinear ion exchange 
behaviour was observed (considering an intersection at 0; 0). 
The results of experiment B show a clear ion exchange trend of the three initial 
concentrations  (i = 10,  ii = 100  and  iii = 1000 mM  NH4Cl).  Under  the  same 
condition (500 µmol NH4Cl g
-1 clinoptilolite) (i) 1 g clinoptilolite was exposed to 
50 mL, (ii) 50 g and (iii) 500 g clinoptilolite to 250 mL solution. As shown in Fig. 
2-5 (i) at low concentrations (10 mM NH4Cl) sodium is the dominant exchanged 
ion  but  the  difference  to  the  exchanged  calcium  is  only  minimal.  Exposing 
clinoptilolite to higher concentrations (above 100 mM) of NH4Cl, as shown in (ii) 
and (iii) results in the dominance of Ca over Na cations. In batch iii 35 µmol Mg 
per g clinoptilolite was also measured. 
That the ion exchange capacity of ammonium ion by clinoptilolite increases with 
increasing initial ammonium concentration is well established [108-111]. Results 
gathered with experiment A and B suggest the same conclusion that not only 
the initial NH4
+ concentration per gram clinoptilolite effects the amount adsorbed 
onto the zeolite but also the concentration of NH4
+ in solution (Fig. 2-6). That 
makes a reliable comparison with literature results difficult since the possible 
setups are endless. Further reasons making comparison of the observed ion 
exchange results with in literature published values difficult are: 
  Different grain sizes (usually powder) and exposure time [85, 109, 112] 
  Pre-treatment or preconditioning with NaOH [110] or NaCl [113]   
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Fig.  2-4:  (i)  ion  exchange  (adsorption  of  NH4
+  and  desorption  of  other  cations)  at  different  initial  concentration  c  (ii)  ion 
exchange between 0 µmol NH4
+ g
-1 clinoptilolite to 125 µmol NH4
+ g
-1 clinoptilolite including a linear fit  
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Fig. 2-5: Ion exchange behaviour of clinoptilolite at the same initial conditions of 500 µmol NH4Cl g
-1 clinoptilolite but (i) 1 g of 
clinoptilolite in 50 mL of a 10 mM NH4Cl solution (ii) 50 g of clinoptilolite in 250 mL of a 100 mM NH4Cl solution and (ii) 500 g of 
clinoptilolite in 250 mL of a 1000 mM NH4Cl solution (experiment B)  
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Fig. 2-6: Comparison of (i) 50 µmol NH4
+ g
-1 clinoptilolite and (ii) 500 µmol NH4
+ g
-1 clinoptilolite initial NH4
+ concentration 
 Chapter 2 
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In  summary,  it  was  found  that  the  order  in  which  the  cations  appeared 
depended on the initial NH4Cl concentration and on the amount of clinoptilolite 
introduced  to  a  NH4Cl  solution.  A  mass  balance  showed  that  97  %  of  the 
ammonia adsorbed onto the clinoptilolite, was replaced by cations detectable in 
the  remaining  solution.  Calcium  ion  appeared  as  the  highest  concentration 
followed  by  sodium  and  magnesium.  These  observations  correlate  with  the 
literature [84, 85] and suggest the availability of divalent cation for dissociation 
of water.  
2.3.2  REACTION BETWEEN AMMONIA AND NITRITE 
The  results  of  the  experiments  C-  D  are  presented  in  Fig.  2-7.  N2  gas 
production  was  observed  in  both  experiments.  Nitrogen  gas  production  was 
highest  in  experiment  C  (with  6.75 mmol  =  165 mL),  containing  the  high 
concentration of NH4Cl and NaNO2
- (2.5 and 1.0 M) exposed to clinoptilolite. In 
experiment D the N2 gas production was observed without clinoptilolite at the 
same NH4Cl and NaNO2
- concentrations of 2.5 and 1.0 mM. Results showed a 
2.5 times lower gas production with a maximum of 2.7 mmol (66.3 mL). In both 
experiments a maximum N2 gas production of 10 mmol (245 mL) was expected. 
Within the first 4 h the observed N2 production rate for both experiments (C- D) 
is a linear function over time. In this period of time in experiment C a total of 
1.32 mmol  (34 mL)  and  in  experiment  D  a  total  of  0.16 mmol  (4 mL)  were 
produced resulting in a rate of 0.35 mmol h
-1 and 0.04 mmol h
-1, respectively. 
For experiment C the volume was calculated 8.9 times more than the nitrogen 
production volume in experiment D indicating that catalytic effect on the reaction 
(Equation 2-1). Chapter 2 
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Fig.  2-7:  N2  gas  production  for  Experiment  C  (10 mL  of  a  2.5/ 1 M 
NH4Cl/ NaNO2
- solution was added to 50 g clinoptilolite) and experiment D 
(10 mL of a 2.5/ 1 M NH4Cl/ NaNO2
- solution without clinoptilolite) recorded 
over a period of one week 
Additional experiments (E and F) without nitrite did not show N2 gas production 
at  all.  Combined  with  the  above  results  presented  in  this  section  it  was 
concluded  that  the  reaction  in  Equation  2-1  remains  valid.  The  more  rapid 
reaction  of  ammonium  and  nitrite  to  N2  in  the  presence  of  clinoptilolite  also 
confirms the findings reported in the literature [87]. It can be suggested that a 
specific  amount  of  clinoptilolite  catalyses  the  reaction  at  an  optimum 
concentration. To find the optimum clinoptilolite concentration, experiments (G -
 L)  were  conducted. Furthermore,  experiments  conducted  and  analysed  with 
GC  and  volumetric  method  showed  no  significant  differences  in  their  gas 
production  results  (Appendix  Fig.  7-1).  For  this  reason  from  now  on  results 
presented, are determined with volumetric measurements. Chapter 2 
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The  influence  of  temperature  on  the  reaction  rate  was  determined  in 
experiments G - I. A maximum N2 gas production of 10 mmol was expected, 
assuming that the introduced 10 mmol nitrite converts completely to N2 gas. As 
presented  in  Fig.  2-8  i-iii  all  experiments  (having  the  same  amount  of 
clinoptilolite (0 to 50 g)), at 12 °C, 22 °C and 55 °C produced N2 gas over a 
period of one week, with a slightly higher yield at the highest temperature of 
55 °C. 
Fig.  2-8  iv – vi  shows  the  gas  production  for  the  first  4 h  after  starting  the 
experiment.  The  gas  production  rate  increased  with  higher  temperature. 
Comparisons of the experiments conducted at 12 °C and 22 °C show that the 
addition of clinoptilolite produces more N2 gas, and at a faster rate.  
To make comparison between experiments possible the production rate and a 
total N2 gas production of those experiments were calculated and presented in 
Table 2-2. Table 2-2 summarises the N2 production and rate for the first 4 h 
(12 °C  and  22 °C)  for  experiments  G  and  H  as  well  as  for  the  first  2 h  for 
experiment I (55 °C). It shows, that at the highest N2 production occurred at 
55 °C and with 50 g clinoptilolite (6.77 mmol = 3.10 mmol h
-1) and the lowest 
gas  production  was  recorded at 12 °C  with  0.05 g  clinoptilolite  (0.09 mmol  = 
0.05 mmol h
-1).  
These results strongly show the impact of clinoptilolite onto the ammonium and 
nitrite  to  N2  conversion.  However,  the  effect  is  temperature  dependent.  The 
catalytical impact of clinoptilolite in these experiments varies by a factor 1 to 4.  
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Fig. 2-8: (i) N2 gas production and (iv) rate at 12 °C, (ii) N2 gas production and (v) rate at 22 °C, (iii) N2 gas production and (vi) 
rate at 55 °C (experiments G to I) Chapter 2 
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Table  2-2:  Gas  production  and  calculated  rate  for  the  first  4 h  for 
experiments C and D at 22 °C as well as G and H at 12 °C and 22 °C and 
for experiment I the first 2 h at 55 °C for various amounts of clinoptilolite 
 
However, the results of further experiments (Appendix Fig. 7-2 to Appendix Fig. 
7-4)  showed  a  6.5  fold  increase  in  production  of  N2  gas  when  50 g  of 
clinoptilolite was exposed to (a) 10 mL of 40 mM of NH4Cl and 300 mM NaNO2
- 
(b) 10 mL of 20 mM NH4Cl and 150 mM NaNO2
- compared to (c) vials filled with 
50 g glass beads. The glass beads (inert material) acted as substitute to the 
clinoptilolite  to  simulate  similar  volume  and  surface  as  provided  by  the 
clinoptilolite.  A  41  times  faster  reaction  was  observed,  when  the  N2  gas 
production  of  50 g  clinoptilolite  and  52.5 g  glass  beads  in  10 mL  of  150/ 
1000 mM NH4Cl/ NaNO2
- was compared. It was beyond the scope of this study 
however, to investigate those effects further. 
Additional experiments (J - L) with various amounts (0, 0.05, 0.5, 5.0 and 50 g) 
of  clinoptilolite  and  lower  concentrations  of  ammonium  and  nitrite  (100 mM, 
10 mM and 1 mM) were also conducted to estimate limits of the ammonium 
nitrite to nitrogen reaction. No significant difference was found between the gas 
production with 50 g and with less clinoptilolite for the 100 mM experiment (Fig. 
2-9).  Approximately  5.65 mmol  N2  gas  was  produced  (except  50 g  of Chapter 2 
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clinoptilolite produced only 4.22 mmol) of the maximum expected 8.10 mmol. 
Only 0.36 mmol N2 gas of the 0.81 mmol expected was produced for the 10 mM 
experiment within the first 60 h. 
It needs to be noted, that the 0.81 mmol N2 was produced within the first 3 h 
and ceased formation when additional NH4
+ in form of NH4Cl was added. After 
introducing additional NH4
+ at 55 h, a total of 0.68 mmol N2 was produced. That 
finding can be explained by the fact, that clinoptilolite is highly selective to NH4
+ 
ion exchange and will adsorb NH4
+ which is then not available for the reaction to 
produce N2. Additional amount of NH4
+ added at 120 h did not cause more gas 
production. This can be explained, because 0.9 mmol nitrite is the maximum 
concentration expected at 22 °C. 
2.3.2.1  VALIDATION OF EXPERIMENTAL RESULTS WITH ABEL EQUATION 
To validate the observed results, the equation (Equation 2-2) postulated by Abel 
[67] was employed. A model was developed, computing (a) the reduction of 
ammonium, nitrite and nitrous acid and (b) the resulting N2 gas production for 
the first 4 h of reaction. Variables such as pH, temperature as well as constants 
such as pKa (NH3 = 9.25, NO2
- = 3.4 at 22 °C) were incorporated in the model. 
The  pH dependency  of  NH3/  NH4
+  and  NO2
-/  HNO2  equilibriums in  aqueous 
phase is shown in Fig. 2-10. 
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Fig. 2-9: N2 gas production with (i) 90 mL 100 mM NH4Cl + NaNO2
- (ii) 90 mL 10 mM NH4Cl + NaNO2
- (additional NH4Cl added at 
55 and 120 h) and various amounts of clinoptilolite at 55 °C (experiments J and K)  
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Fig. 2-10: pH dependency of NH3/ NH4
+ and NO2
- and HNO2 equilibrium’s. The hatched area is the pH (6.8 – 8.2) range where 
nitrification is optimum [114-116] and the pH range detected during long-term experiments (Fig. 4-4) Chapter 2 
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With the applied model, the changes per minute were computed and the N2 
production  was  calculated  as  a  sum  over  these  time  intervals.  The  model 
conditions were chosen based on the parameters used in experiment C to L. An 
initial NH4
+ and NO2
- concentration of 2.5 M and 1.0 M was inserted into the 
model and the corresponding NH3 and HNO2 concentrations were calculated. 
Temperature and pH ranges of 21°C to 23 °C (increment +1) and a pH range of 
6.9 – 7.1 (increment +0.1) were chosen. 
The computed model results were compared to the gas production of the zero 
clinoptilolite experiments D (0.16 mmol) and H (0.55 mmol), with an average of 
0.36 mmol (Table 2-2). It needs to be noted, that the difference between the 
amount of gas produced can occur since the system is very temperature and 
pH sensitive, as mentioned in chapter 2.1. In addition most of the N2 gas is 
possibly  produced  in  the  moist  surface  surrounding  the  clinoptilolite  grains 
which can result in pulsed releases of gas [117]. Another reason could be the 
water  film  between  the  clinoptilolite  grains,  causing  the  formation  of  menisci 
which prevents or slows the diffusion of gases [118]. 
The  modelled  results  and  the  comparison  of  the  results  with  the  measured 
values  are  presented  in  Table  2-3.  Depending  on  pH  and  temperature  the 
degree of correlation between the modelled and experimental  data could be 
calculated. The variance of the results shows once again the importance and 
impact of temperature and pH on the reported reaction. 
In addition the same model was used to compute and predict N2 gas production 
as well as NH4
+, NO2
- and HNO2 consumption over time. The computed results 
were also compared to the experimental results. Chapter 2 
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Table 2-3: Model results of N2 gas production for the first 4 h calculated 
for three temperatures (21 °C, 22 °C and 23 °C) and three pH values (6.9, 
7.0, 7.1) compared to the observed average (experiment D: 0.16 mmol and 
experiment  H  without  clinoptilolite  0.55 mmol)  N2  gas  production  of 
0.36 mmol. Results are represented in mmol as well as in mL (values in 
parenthesis) 
 
For example, the initial condition of experiment H (10 mL containing 25 mmol 
NH4
+ and 10 mmol NO2
-, no clinoptilolite, at 22°C, pH 7.1) were inserted into the 
model  and  calculations  performed  for  an  experimental  runtime  of  160 h.  As 
shown in Fig. 2-11 (i) the computed values match the observed results ( 5 %) 
over a period of 160 h. Simultaneously the model is computing the consumption 
of NH4
+, NO2
- and HNO2 (Fig. 2-11 (ii)), showing a steeper decrease of HNO2 
than any of the other chemicals, indicating the possibility that HNO2 would be 
the limiting factor in an ongoing experiment. The presented results also confirm, 
that  1  nitrogen  atom  from  NH4
+  and  1  nitrogen  atom  from  NO2
-  is  required 
(HNO2  almost  negligible  at  these  conditions)  to  produce  one  N2  molecule. 
Furthermore, it also explains why the Abel reaction is increasing in  reactivity 
with  lower  pH. With  decreasing  pH  the  ratio  of  NO2
-  to  HNO2  (Fig.  2-10)  is Chapter 2 
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changing  and  increasing  the  production  of  HNO2.  Therefore  HNO2  is  not 
becoming the limiting factor in that equation at that time.  
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Fig. 2-11: (i) presents results observed during experiment H (no clinoptilolite 10 mL containing 25 mmol NH4Cl and 10 mmol 
NO2
- at 22°C), compared to the Hill model [105] and computed values based on the Abel equation (Equation 2-2) (ii) computed 
change in concentration of NH4
+, NO2
- and HNO2 based on the Abel equation (Equation 2-2) 
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2.4  Conclusion 
  Initial  NH4
+  concentration  per  gram  clinoptilolite  affects  the  amount 
adsorbed onto the zeolite but also the concentration of NH4
+ in solution  
  Reaction  between  NH4
+  and  NO2  to  produce  N2  can  occur  at  room 
temperature (and below), and is catalysed by clinoptilolite 
  Depending  on  the  amount  of  clinoptilolite,  temperature  and  pH  the 
reaction is up to 41 times faster and more N2 was produced than without 
clinoptilolite 
2.5  Outlook 
  The use of clinoptilolite as a biofilter media is recommended to (a) attach 
microorganisms and (b) as a catalyst for reaction between ammonia and 
nitrite 
  Nitrifying bacteria attached to the clinoptilolite will utilise  the adsorbed 
ammonia and convert ammonium present in the solution to convert it to 
nitrite. This conversion is limited by the high concentration of ammonium 
and will likely stop at the nitrite stage [119] 
  Excessive  concentrations  of  ammonium  and  nitrite  can  inhibit  this 
reaction and therefore washing away excess ammonium and nitrite will 
prevent  this  inhibition  and  at  the  same  time  allow  accumulated 
ammonium  and  nitrite  to  react  to  produce  nitrogen  gas  catalysed  by 
clinoptilolite 
  The  development  of  a  moisture  control  system  with  the  following 
properties is recommended [120]: 
o  Moisture storage in filter Chapter 2 
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o  Moisture recirculation and thereby backwashing compounds from 
top to bottom 
  Low FA and FNA concentrations in top = biological active 
area 
  High concentrations in bottom = chemical reaction possible 
The use of such a filter design would also enable online monitoring of inlet and 
exit gases. 
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Abstract 
The  design  and  development  of  a  biofilter  for  the  complete  conversion  of 
ammonia in gaseous waste stream to nitrogen is described in this paper. The 
design  is  based  on  the  use  of  a  zeolite  (clinoptilolite)  for  the  adsorption  of 
ammonia and its oxidation to nitrite by a bacterial biofilm on the surfaces of the 
clinoptilolite. Moisture control is a key aspect of the design. Moisture from the 
gas stream condenses when leaving from the biofilter outlet and is returned to 
the biofilter as reflux of pure water. The water maintains a moist environment for 
the bacteria. It also washes down nitrite and excess ammonia to the base of the 
biofilter,  concentrating  these  compounds  and  enabling  the  direct  reaction 
between  ammonia  and  nitrite  to  nitrogen  gas  catalysed  by  the  clinoptilolite. 
Management  of  moisture  enables  balance  between  evaporation  and 
condensation resulting in a non leachate system. 
Keywords: biofilter, ammonia removal, clinoptilolite, moisture control, reflux 
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3.1  Introduction 
All  microorganisms  need  water,  e.g.  for  nutrient  transfer  and  mobility  which 
requires a moist conditions in a biofilter [121]. Commonly used laboratory scale 
gas  biofilter  systems  are  constructed  in  a  similar  manner.  Almost  all  filter 
systems have a water supply on top of the biofilter [103, 122]. Differences occur 
depending whether fresh water/ nutrient solution is introduced [123] or whether 
the water is recycled [50]. The accumulated water (leachate) from the bottom is 
reintroduced to the top (recycling) of the biofilter and causes a uniform filter bed 
[50]  giving  no  room for the development  of  different  microenvironments  with 
unique  capabilities.  Furthermore,  reintroducing  the  water-dissolved  pollutants 
on top of the biofilter, leads to an increased risk of incomplete treatment and 
discharge. Studies reveal that leachate production is often a common problem 
of conventional biofilters [103, 123, 124]. Leachate contains accumulated water 
dissolvable  pollutants  (e.g.  NH3)  and  their  degraded  compounds  (e.g.  NO2
-, 
NO3
-).  Leachate  needs  further  treatment  prior  to  disposal,  which  leads  to 
questioning the efficiency of biofiltration [2, 103].  
It is common to utilize organic packing as biofilter bed material. The organic 
packing has the advantage of providing additional nutrient source for the growth 
microorganisms [103]. The disadvantage however, is the tendency of organic 
materials  to  decompose  which  causes  the  filter  bed  to  collapse  resulting  in 
inefficiency or eventual failure. Therefore, the application of non-biodegradable 
biofilter  material  such  as  zeolite  promises  better  and  long  term  sustainable 
biofilter performance. Zeolites are widely occurring  inert mineral with a large 
specific  surface  area  for  growing  microorganisms  [101,  102].  Zeolites  have Chapter 3 
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desired adsorption and ion exchange capabilities [125] and a great potential to 
be used as catalyst for the chemical reaction of ammonia and nitrite to nitrogen 
gas [69, 88, 126] . 
The microbial oxidation of ammonia to nitrite is well known [127-129]. In the 
past it was shown to be difficult to provide the conditions for the subsequent 
reaction of ammonia and/ or nitrite to form nitrogen preventing inhibition and 
therefore failure of the system. Anaerobic Ammonium Oxidation (ANAMMOX) is 
a microbial process in which ammonium is oxidized to nitrogen gas using nitrite 
as the electron acceptor [130]. The slow microbial growth rate [131] and the fact 
that the process only occurs under strict anaerobic conditions [130-134] are the 
major obstacles for ANAMMOX process implementation [135]. Other processes 
such  as  denitrification  [136]  or  shortcut  biological  nitrogen  removal  (SBNR) 
[137]  also  require  conditions  (anoxic,  anaerobic)  different  to  ammonium 
oxidation. Therefore the separation (temporal or spatial) of ammonium oxidation 
and  the  subsequent denitrification  process  is  required. Contrary  to  biological 
treatments, the spontaneous chemical reaction between ammonia and nitrite to 
nitrogen gas has also been established [65, 66, 138] but so far has never been 
combined  with  biofiltration.  Although  chemical  reactions  are  generally  faster 
than  microbially  mediated  biochemical  reactions,  the  required  high 
concentrations  of  ammonium  and  nitrite  cause  inhibition  of  the  biological 
ammonium oxidation, limiting the application of this technique in the past [119].  
This chapter describes the novel design concept to achieve moisture control, 
zero leachate production leading to a gradual compound distribution favouring 
microbial  oxidation  of  ammonia  to  nitrite  and  enabling  subsequent  chemical Chapter 3 
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reaction between ammonia and nitrite to nitrogen gas in a single biofilter and 
subsequent implementation. 
3.2  Design concept 
We propose the application of the reflux mechanism to biofiltration, creating the 
required environment for simultaneous biological and chemical treatment in one 
system. The reflux mechanism is based on temperature differences  between 
biofilter inlet and outlet, causing water to evaporate at the biofilter bottom and to 
condense at the top. Due to this condensation cycle, minimal amount of water is 
required for the process. This mechanism is well known from applications to 
crystallogenetic adsorbents [139], COD- analysis [104] and extraction chemistry 
[140, 141].  
3.2.1  CONCEPT OF THE REFLUX PROCESS 
The process of condensation of vapours and the return of this condensate to 
the  system  from  which  it  originated  is  widely  accepted  as  reflux  technique. 
Evaporation of water at the biofilter inlet (biofilter bottom) occurs by controlling 
the moisture content and temperature of the gas stream entering the biofilter to 
below  the  conditions  at  which  the  biofilter  is  operated.  An  installed  cooling 
device on top of the filter system causes water condensation and reintroduction 
of pure water to the system. The water percolation through the biofilter prevents 
the  filter  from  drying  out,  and  a  washdown  of  accumulated  pollutants  and 
metabolites is achieved. Temperatures and corresponding water content can be 
calculated as described below. Chapter 3 
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Application of the reflux technique to the biofiltration concept would reduce the 
concentration of pollutant in the top sections and increase concentration in the 
bottom section of the biofilter system, thereby creating a concentration gradient 
of the pollutant throughout the filter. This gradient allows biological activity in the 
top  where  concentrations  of  ammonium,  nitrite  and  nitrate  are  reduced  and 
chemical reaction in the bottom section where concentrations of the mentioned 
N species are increased. 
3.2.1.1  FA INHIBITION OF AMMONIUM OXIDISING BACTERIA (NITROSOMONAS) 
Conditions amenable for bacterial growth in the upper region of the filter bed 
are crucial for the success of this biofilter. The inhibition of ammonium oxidising 
bacteria (Nitrosomonas) is triggered at FA concentration of 0.06 – 0.41 mM NH3 
(0.83 – 5.76 mg NH3 N L
-1) [142-146] or above 1.14 mM NH3 (16 mg NH3 N L
-1) 
[119].  The  range  of  inhibition  in  the  literature  varies  due  to  different 
environmental conditions (activated sludge or biofilm [145]) or different microbial 
metabolic pathways i.e. anabolism (construct molecules from smaller units) and 
catabolism  (break  down  molecules  into  smaller  units)  [119].  In  addition,  the 
following further reasons for the range of inhibition can be mentioned: 
  Determination  of  an  inhibition  threshold  or  (only)  a  decrease  in 
ammonium oxidation rate [147] (not well described in literature) 
  The  mentioned  inhibition  range  can  also  be  caused  by  using  pure, 
enriched cultures or mixed (wild) culture [148] 
  Reactor types and operation conditions have also an influence on the 
inhibition concentration: Plug flow,  shortcut biological nitrogen removal Chapter 3 
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(SBNR),  sequencing  batch  reactor  (SBR),  single  reactor  sigh  activity 
ammonium removal over nitrite (SHANON), mixing liquid) [148] 
  pH and temperature also influence the range of inhibition 
  Different  analytical  methods  (microbioal  (Q-PCR)  or  chemical 
determination of changes in metabolite and source concentration) 
In addition it needs to be noted that changes in concentration of ammonium and 
its  metabolites  (nitrite  and  nitrate)  can  also  be  cause  by  simultaneously 
occurring chemical reactions (see chapter 2.1). That chemical reaction make it 
more difficult to determine whether the biological reaction is inhibited by high FA 
concentrations (anabolism/ catabolism measurements). 
3.2.1.2  FA INHIBITION OF NITRITE OXIDISING BACTERIA (NITROBACTER) 
These above mentioned reasons also affect the ability to determine a narrow 
inhibition  range  for  nitrite  oxidising  bacteria  (Nitrobacter).  Studies  show  that 
Nitrobacter  inhibition occurs at a  FA  concentration  of  8.82 mM  NH3  (124 mg 
NH3 N L
-1) [146] or 0.43 – 0.64 mM NH3 (6 – 9 mg NH3 N L
-1) [119].  
3.2.1.3  FNA INHIBITION OF AMMONIUM OXIDISING BACTERIA (NITROSOMONAS) AND 
NITRITE OXIDISING BACTERIA (NITROBACTER) 
Toxic  effects  on  microorganism  cells  may  also  be  exerted  by  the  nitrite  un-
dissociated fraction nitrous  acid  (HNO2) or so  called free  nitrous  acid  (FNA) 
[149].  The  proposed  inhibition  mechanism  for  FNA  toxicity  is  based  on  the 
presumption that FNA causes a donation of a proton inside the cell [150]. The 
donated  intracellular  proton  interferes  with  the  transmembrane  pH  gradient 
required for ATP synthesis [151]. Chapter 3 
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Nitrosomonas are reported to be inhibited at FNA concentrations of 28.57 - 45 
µM HNO2 (0.4 - 0.63 mg HNO2 N L
-1) whereas Nitrobacter are more sensitive to 
FNA and are inhibited at 1.45 µM HNO2 (0.02 mg HNO2 N L
-1) [119]. Inhibition 
of either species would cause a reduction of biofilter performance and finally 
lead to biofilter failure. These mechanisms and inhibition thresholds need to be 
considered  because  the  proposed  biofilter  system  requires  nitrite  production 
and therefore FA and FNA control is essential. 
3.2.1.4  FA AND FNA INHIBITION SUMMARY 
The above mentioned FA and FNA concentration leading to Nitrosomonas and 
or Nitrobacter inhibition are summarized in Table 3-1. As described above the 
ratios  of  FA  to  ammonium  and  FNA  to  nitrite  are  highly  depended  on 
temperature  and  pH  (Fig.  2-10).  Fig.  3-1  shows  the  results  for  three 
temperatures  (20 °C,  30 °C,  40 °C)  at  a  pH  range  of  6.8  to  8.2.  These 
temperature  and  pH  ranges  were  chosen  based  on  literature  reported  pH 
optimum for Nitrosomonas of 7.8 – 8.0 and Nitrobacter of 7.3 – 7.5 [114-116] 
and optimum nitrifying performance at a temperature of 20 – 30 °C [152] or 35 -
 38 °C [153]. 
Table 3-2 summarises the results of batch experiments for three pH (7.0, 7.5, 
8.0) and three temperatures (20 °C, 25 °C, 30 °C). The presented NHx (where 
NHx  stands  for  the  total  NH3  and  NH4
+)  results  show  a  varying  range  from 
0.44 – 288.2 mM  making  the  determination  of  an  exact  inhibition  range 
impossible.  It  is  uncertain  if  an  inhibition  range  is  reached  before  the  ion 
exchange of multivalent cations will begin.  
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Table 3-1: FA and FNA concentration causing inhibition of Nitrosomonas and or Nitrobacter 
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Fig.  3-1:  Nitrosomonas  inhibition  ranges  of  0.06 - 0.41 mM  FA  and  1.14mM  plotted  over  a  pH  range  of  6.8 – 8.2  for  three 
temperatures (i) = 20 °C, (ii) = 25 °C and (iii) = 30 °C Chapter 3 
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Table 3-2: Required NHx (total NH3 and NH4
+) concentrations at pH 7.0, 7.5 
and 8.0 as well as 20 °C, 30 °C and 40 °C to realize 0.06 mM, 0.41 mM and 
1.14 mM FA concentrations 
 
3.2.2  CONCEPT OF MOISTURE CONTROL 
A moisture controlled filter system was developed on the basis of gas stream 
humidification and condensation (Fig. 3-6). It consists of an inlet dryer before 
the biofilter and a condenser above the biofilter. 
The vapour pressure of air over water is saturated when the number of water 
molecules condensing equals the number evaporating from the surface of water 
[154].  The  saturation  vapour  pressure  at  a  certain  temperature  can  be 
calculated  according  to  Tentens  [155]  to  determine  the  water  content  for  a 
saturated  gas  in    [Pa]  (Equation  3-1).  Equation  3-1  shows  the  saturation 
vapour pressure (610.78 [Pa]) at the temperature of 273.16 [K] multiplied by the 
exponential  temperature  (  [  ])  constant  term  and  the  vapour  pressure  of 
water at this temperature as 17.2694 mm Hg. Chapter 3 
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                              ⁄              Equation 3-1 
Equation  3-2  allows  the  calculation  of  the  water  content  (   [      ])  at  a 
certain saturation vapor pressure [156]. The molar mass of water (M = 0.018 
[        ]) divided by the gas constant (R = 8.314 [           ]) multiplied by 
the ratio of saturation vapor pressure and temperature (  [  ]). 
         ⁄                 ⁄   Equation 3-2 
Employing  Equation  3-3,  the  evaporated  or  condensated  water  content 
    [      ] between two temperatures (           [  ]) can be calculated. A 
positive     indicates condensation; a negative     implies evaporation. 
                  Equation 3-3 
The above reported mechanisms lead to the design and development of an inlet 
dryer (Fig. 3-6) which adjusts the moisture content of the gas stream entering 
the biofilter.  An installed outlet dryer  (Fig.  3-6) maintained the water content 
within the biofilter and prevented the escape of water. The outlet dryer operated 
on the same principle as the inlet dryer. 
3.3  Implementation of the novel design concept 
3.3.1  OVERVIEW 
Based on the design concept, the following biofilter system was  constructed. 
The biofilter control system consisted of an inlet dryer, a biofilter column rig, an 
outlet dryer and an online gas analyser (Fig. 3-2 and Fig. 3-4). The in-house Chapter 3 
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compressed air supply was used as a carrier gas for the dilution of a 1 % NH3 in 
air (gas cylinder) to 50 ppmv (2.05 µmol L
-1 min
-1). All gases were transported 
within  0.5 mm  (i.D.)  Tygon  tubing  (antibacterial,  low  adsorption  rate,  high 
chemical resistance [157, 158]). Required parts were mounted to a metal frame 
to hold the biofilter columns, condenser, manifolds, solenoid valves, analogue 
flow meter (150 mm long, equipped with 16-turn high precision needle valves 
(4x 0-18.7 mL min
-1 and 4x 16737 mL min
-1) and other electronic  equipment 
(such as pH signal amplifier, thermocouples and wire as shown in Fig. 3-4. 
The biofilter control system was capable of operating up to four biofilter columns 
simultaneously. It is possible to add and remove biofilter columns at any given 
time by changing setting in the control program. The following description is on 
the  operation  with  one  single  column.  Additional  but  not  presented  (see 
appendix DVD’s) experiments as listed below were conducted with the three 
extra ports on the biofilter control system: 
  Gathering information with an rotating drum setup, 
  Breakthrough experiments with wet, dry and coated clinoptilolite, 
  Incubation and breading microorganisms onto the clinoptililite, and 
  Experiments  with  one  and  two fifth of  the complete filter volume  (see 
layer formation described in chapter 4.2.5 and 4.3) 
3.3.2  BIOFILTER COLUMN 
An upflow biofilter column was constructed as shown in Fig. 3-5. A stainless 
steel mesh installed within the biofilter provided support to hold up to 1 L filter 
material and simultaneously provided 300 mL homogenization (mixing) space at 
the bottom. A pH probe was installed approximately 2.5 cm above the stainless Chapter 3 
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steel  mesh  and  connected  to  a  data  logging  module  (see  ADAM  modules 
inchapter 3.3.5) for automated pH data acquisition. The biofilter column was 
operated at room temperature (21 ± 1 °C).  
Clinoptilolite (Zeolite Australia PTY LTD) was used as a non-degradable filter 
media sieved to 2.4 – 4.0 mm. Prior to use the clinoptilolite was incubated at a 
composting facility (Southern Metropolitan Regional Council) for a period of 6 
months. After that period, the clinoptilolite was harvested and carefully washed 
to clean the filter material from accumulated dust and organic material. One litre 
drained but moist clinoptilolite was placed within the biofilter column.  
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Fig. 3-2: Flow chart of the biofilter system (operating four individual biofilter columns)  
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Fig. 3-3: Equipment overview Chapter 3 
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Fig.  3-4:  The  Modular  Adam  Research  Visual  INstrument  (MARVIN) 
biofilter setup 
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Fig. 3-5: Schematic of the biofilter column design 
   Chapter 3 
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3.3.3  MOISTURE CONTROL 
As mentioned previously, moisture control is the essence of the novelty in the 
development of the biofilter and intended to be an outcome of our research 
work.  
3.3.3.1  INLET DRYER  
The inlet air (1 L min
-1) was introduced into the moisturizer vessel at the bottom 
of a chilled (9 °C) water reservoir (Fig. 3-6). The moisturizer vessel contained a 
maximum of 4.5 litre of deionised water (plus approximately 1 litre headspace). 
At the top of the vessel, ports were installed for a raw gas inlet (in house gas 
supply) and a moisturised gas outlet (dust free). The water level in the vessel 
was  checked  using  an  adjustable  level  gauge  on  top  of  the  vessel.  The 
temperature within the vessel was maintained by a heat exchanger, which was 
connected  to  a  water  bath  capable  of  cooling  and  heating.  A  thermocouple 
within  the  moisturizer  was  connected  to  a  PC  for  data  acquisition  and 
visualization of the temperature. 
The inlet dryer setup permitted trapping of dust particles and contaminants from 
the gas stream (e.g. oil) in the water. The clean and cool moist gas left the 
vessel  at  the  top  in  a  Tygon  tube  that  was  exposed  to  room  temperature 
(21.6 °C). A known amount of 1 % NH3 in air (gas cylinder) was introduced to 
the  gas  stream  before  the  biofilter  inlet  using  a  t-piece  in  order  to  achieve 
50 ppmv NH3. In that way the risk of adsorption or leaching through the tubing 
was minimized. Due to the temperature difference between the introduced gas 
stream  from  the  moisturiser  vessel  (chilled  and  saturated)  and  the  biofilter Chapter 3 
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column (see Fig. 3-6) (operated at room temperature of 21 ± 1 °C), evaporation 
in the bottom layer occurred. 
The evaporation of water has additional effects: 
  Compound accumulation in the bottom layer due to water evaporation, 
  Water distribution to layers above the bottom layer. 
A water content of 9 mg L
-1 can be calculated under the assumption that the 
gas leaving the moisturizer was fully saturated at 9 °C. When this gas stream 
entered a water phase at a higher temperature the water content per litre of gas 
will increase due to evaporation. Under the assumption that the gas reaches 
saturation  during  passage  through  the  moist  biofilter  (operated  at  21 °C)  an 
increase in water content of 9.5 mg L
-1 to a total 18.5 mg L
-1 was calculated. At 
a  flow  rate  of  1 L min
-1  a  total  discharge  of  13.75 mL d
-1  can  be  expected. 
Additional measurements of the biofilter moisture content showed a total water 
content  of  250 mL L
-1  biofilter  material.  Further  calculations  reveal  that  the 
biofilter  would  theoretically  be  dried  out  after  18 days  unless  the  water  is 
replenished. 
3.3.3.2  OUTLET DRYER 
To prevent water loss, a condenser was installed on top of the biofilter column 
and aligned with the outlet of each biofilter. A Tygon tube was vertically installed 
within the condenser which was operated at the same temperature (9 °C) as the 
inlet  dryer  (see  Fig.  3-6).  By  cooling  the  gas  in  the  PVC  tube  the  moisture 
condensed (see Fig. 3-6) on the tubing wall and dripped back into the biofilter. 
The  water  inventory  of  the  biofilter  remained.  The  percolation  of  the  clean  
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Fig. 3-6: Schematic diagram of gas flow consisting of the three temperature zones. (1) Evaporation of water from the biofilter 
due  to  introducing  gas  containing  lower  water  content.  This  causes  the  gas  to  gain  moisture  of  9.5 mg  L
-1  min
-1  (2) 
Condensation of moisture in the gas by cooling the gas to lower temperature with the result that 9.5 mg L
-1 min
-1 condenses 
and is reintroduced into the biofilter and (3) 9.5 mg L
-1 min
-1 water percolates and thereby washing accumulated compounds to 
the bottom where the process begins again. Chapter 3 
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condensate  through  the  biofilter  allowed  wash-down  of  soluble  compounds 
accumulated over the depth of the biofilter. These compounds accumulated at 
the bottom where due to continuous introduction of dry gas (saturated at lower 
temperatures) the reflux process starts again and cause an additive increase in 
accumulated compound concentration. 
Another advantage of installing an outlet dryer is a dry gas. Most available gas 
analysers are sensitive to moisture in the gas stream making long-term online 
monitoring impossible. Online monitoring however, is highly beneficial, allowing 
the  automated  data  acquisition  for  collecting  complete  datasets  for  accurate 
mass  balance  calculations.  A  dry  gas  stream  can  be  obtained  by  various 
physical  or  chemical  methods  e.g.  activated  carbon  [27],  silica  gel  [28,  29], 
potassium hydroxide (KOH) or pellets [30]. But the use of such adsorbents has 
the disadvantage of adsorbing compounds of interest and requiring additional 
measurements  of  the  adsorbed  compounds  [31-35].  The  installation  of  a 
condenser  above  the  biofilter  resulted  in  dry  enough  gas  so  that  online 
continuous monitoring could be employed. 
3.3.4  GAS ANALYSER 
An HORIBA VA/ VS 3000 multigas analyser (Horiba International Corporation) 
equipped with nitric oxide (NOx), nitrogen dioxide (N2O) and NH3 sensors was 
used  for  gas  analysis.  The  principle  measurement  of  the  HORIBA  multigas 
analyser  are  non-dispersive  infrared  (NDIR)  sensors  [159].  Each  individual 
sensor provided a 4 - 20 mA signal accessible through an analogue connector 
at the back of the analyzer. The accuracies of the measurements were checked 
regularly  with  standard  gas  mixes  (Detectagas  100 ppm  NH3  in  nitrogen, Chapter 3 
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Detectagas 100 ppm NOx in nitrogen and Detectagas 100 ppm N2O in nitrogen 
provided by BOC Scientific Centre). 
3.3.5  COMPUTER CONTROL 
The  hardware  and  software  setup  descried  throughout  the  thesis  was 
developed and designed by the author. The Modular Adam Research Visual 
INstrument (MARVIN) was developed to fulfil the following tasks: 
1.  Automation 
a.  Online monitoring 
b.  Solenoid valve control 
c.  Automated gas sampling and analysis 
d.  Data processing and real time visualization 
e.  Run  and  execute multiple  or single  experiments  under different 
conditions  (filter  volume,  filter  load,  concentrations.  Flow  rate, 
duration of experiment simultaneously 
2.  Capability to control, interact and schedule via internet and any internet 
connected device globally 
All  accessories  (e.g.  sensors  and  solenoid  valves)  were  controlled  and 
connected  to  a  computer  by  an  ADAM  4520  interface  module  (Advantech’s 
ADAM).  ADAM  modules  are  sensor-to-computer  devices  with  multiple  types 
and ranges of analogue input (ADAM 4017 and 4019+) or relay outlets (ADAM 
4068).  These  modules  and  accessories  (e.g.  values  and  condensers)  were 
operated  at  12 VDC.  The  status  and  the  analogue  input  values  of  each 
individual  ADAM  module  was  updated  every  150 ms  which  allows  high-
resolution data acquisition.  Chapter 3 
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Two analogue modules (ADAM 4017 and 4019+) were employed to record the 
voltage and current of the HORIBA multi gas analyser (NH3, N2O and NOx), four 
thermocouples (wire type K thermocouple, www.jaycar.com.au), four digital flow 
meters (12 VDC 0-20 sL min
-1 Cole-Parmer) and the pH probes (Fig. 3-3).  
With each of the four connected relay modules (ADAM 4068) it was possible to 
control up to eight On/Off low-power switches. For example, direct operated two 
port open/ closed valves (SMC Corporation, VX22) and direct operated three 
port solenoid valves (SMC Corporation, VX32), were controlled by the ADAM 
4068 modules to control the gas flow. 
3.3.5.1  HARDWARE 
All  electronic  devices  (sensors  and  solenoid  valves)  were  connected  to  a 
computer by a series of seven Advantech's ADAM modules of the 4000 series 
[160] as shown in Fig. 3-7.  
 
Fig. 3-7: Computer control, ADAM module wiring and connections Chapter 3 
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These ADAM modules are sensors to computer interfaces, which are remotely 
controlled through a set of commands issued in American Standard Code for 
Information Interchange (ASCII) format and transmitted in RS-485 protocol. A 
computer  can  only  understand  numbers,  so  an  ASCII  code  is  the 
numerical  representation  of  a  character.  The  RS-485  network  allows  the 
connection  of  up  to  256 ADAM modules  with  a  two-wired  connection  with  a 
maximum communication distance of 1200 m. The host computer is connected 
to a RS-485 network via an isolated RS-232 to RS-422/ 485 converter module 
(ADAM 4520). 
The modules are designed for standard industrial unregulated 24 VDC power 
supply but accept any power unit that supplies power within the range of +10 to 
+30 VDC. In the setup presented in this thesis all modules were powered by an 
external 12 VDC power supply. The low power supply allowed the author the 
save  adjustments  and  changes  of  the  setup  without  the  help  of  a  trained 
electrician. 
Four relay output modules (ADAM 4068) were connected to the ADAM 4520 
converter. Each module provides eight relay channels allowing the ON/ OFF 
control of up to 32 low-power switches such as solenoid valves. The solenoid 
valves used in this study were powered with a separate 12 VDC power supply 
to minimize the risk of interference between the power to operate the modules 
and activate the solenoid valve. 
Furthermore,  two  eight  channel  analogue  input  modules  (ADAM  4017  and 
4019+) were connected to the setup. The ADAM 4017 is a 16-bit, 8 channel 
analog input module that provides programmable input ranges on all channels Chapter 3 
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(Table 3-3). In this study two pH probes and up to 4 digital flow meter [161] 
were connected to the ADAM 4017 module. The ADAM 4019+ is a universal 
input module providing the data acquisition of 4 ~ 20 mA and all thermocouple 
types  (Table  3-4).  This  module  was  used  to  acquire  the  values  of  4 
thermocouples  type  K  and  the  voltage  outlet  of  three  gas  analyser  sensors 
[159]. 
The  voltage,  current  and  temperature  are  converted  within  the  modules  to 
digital data. When prompted by the host computer, the module sends the data 
to the host through the standard RS-485 interface. 
3.3.5.2  SOFTWARE (LABVIEW) 
Labview (short for Laboratory Virtual Instrumentation Engineering Workbench) 
is  a  graphical  programming  language  developed  and  distributed  by  National 
Instruments [162] and has the purpose to automate laboratory setups. Labview 
programs consist of a backend where the actual programming happens and the 
frontend  where  information  are  visualized  and  the  user  can  also  setup  and 
change parameter. A modular constructed Labview program was developed by 
the author to control all ADAM modules (see section 3.3.5.1) for data acquisition. 
The modular design of the backend allowed flexible and fast adjustments of the 
program and the complex program structure remained easy to overview. One 
module is called sub.vi, e.g. the module operating the timer is called timer.vi. A 
simplified flow chart of the developed sub.vis is shown in Fig. 3-8.  
   Chapter 3 
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Table 3-3: Technical Specification of ADAM 4017 
Capability  Info 
Channel  8 
Input Type   mV, V, mA 
Input Range 
 ±150 mV, ±500 mV, ±1 V, ±5 V, ±10 V, ±20 
mA 
Isolation Voltage   3000 VDC 
Fault and Over-voltage 
protection   With stands over-voltage up to ±35 V 
Sampling Rate   10 sample/sec (total) 
Input Impedance   Voltage: 20 Mol Current: 120r 
Accuracy   ±0.1% or better 
Power Consumption   1.2 W @ 24VDC 
I/O Connector Type   10 pin plug-in terminal 
Table 3-4: Technical Specification of ADAM 4019+ 
Capability  Info 
Channel  8 
Resolution  16 bits 
Input Type  V, mV, mA, T/C 
Input type and temperature 
range 
V:   ±1 V, ±2.5 V, ±5 V , ±10 V  
mV: ±100 mV , ±500 mV  
mA: ±20 mA (with 120 Ω resister) 
       4~20mA (with 120 Ω resister)  
Thermocouple: J     0 to 760 °C  
K    0 to 1370 °C  
T  -100 to 400 °C  
E   0 to 1400 °C  
R   500 to 1750 °C  
S   500 to 1750 °C  
B   500 to 1800 °C 
Isolation Voltage  3000 VDC 
Sampling Rate  10 samples/sec (total) 
Input Impedance  Voltage: 20 MΩ, Current: 120Ω 
Accuracy  ±0.1% or better 
Power Consumption  1.0W @ 24VDC 
I/O Connector Type  10 pin plug-in terminal 
Burn-out Detection  4~20mA and all thermocouple input 
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Fig. 3-8: Software modules (subvi’s) of the Labview program controlling, 
monitoring and scheduling MARVIN 
Each of the sub.vis operates independently but is activated and provided with 
necessary parameters from the “Heart of gold” subvi. The Heart of gold subvi 
controlls all processes beginning with timing, scheduling the gas stream to the 
analytical  instrument,  acquiring  the  values  from  all  sensors,  processing  the 
results  and  finally  visualizing  and  saving  them  into  Microsoft  Excel  2007 
(Microsoft, Redmond, WA, USA).  
The  ADAM.vi  issued  all  processes  and  information  required  for  the 
communication  with  the  ADAM  modules  (acquiring  data  but  also  switching 
solenoid valves ON/ OFF). The individual ADAM modules, except ADAM 4520 
(described  in  3.3.5.1),  were  identified  by  the  software  using  a  unique 
hexadecimal address. This two digit hexadecimal value allows addressing up to 
256 ADAM modules. For the communication with the ADAM modules a six-digit 
hexadecimal string containing the address of the module and the command for 
either gathering the values of the input modules (ADAM 4017 and 4019+) or the 
syntax  to  switch  the  solenoid  valve  (ADAM  4068).  Thereby  it  can  be 
distinguished between the acquisition of a single data channel, a combination of 
channels or all channels together. For example: to open (OFF) all relays of the Chapter 3 
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ADAM 4068 module “00” and to close (ON) only channel 1 the commend “01” 
need to be send. For the eight channel modules the option of either ON (1) or 
OFF (0) is possible. Resulting in a total channel ON/ OFF combination for a 
single  ADAM  module  of  256  (2
8)  which  can  also  be  written  as  a  two-digit 
hexadecimal number (00  –  FF).  For  example  to  have  only  channel  1  at  the 
ADAM module 255 (FE) closed the circle the #FE0001\r and to close all eight 
circles #FE00FF\r need to be send. Similar options exist for the acquisition of a 
single or all analogue values digitalized by the ADAM 4017 and 4019+ modules. 
As shown in Table 3-3 and Table 3-4 show that the maximum total sampling 
rate  for  each  module  is  100 msec.  To  protect  the  system  of  an  over  run 
(overload)  the  ADAM.vi’s  were  updated  every  150 msec  and  visualized  the 
gathered results at the frontend of the program (see below). Within the ADAM 
subvi  the  acquired  sensor  signals  (voltage,  current  and  temperature)  were 
converted in real time into scientific unites. Data points were obtained several 
times per second, the gathered data for the individual experiments were saved 
into an Excel file only ten times a day. This allowed minimizing the data storage 
capacity but real-time visualisation.  
Before the data could be processed within  Excel, a warning dialog box was 
activated (Fig. 3-9) to avoid conflicts between Labview (which acts in this case 
as  an  Excel  user)  and  a  possible  other  user.  The  activation  of  the  warning 
dialog box was a part of the Excel subvi as illustrated in Fig. 3-10.  Chapter 3 
88 
 
 
Fig. 3-9: Excel shout down warning 
After Labview had taken control over Excel the existence of a file name in a 
predefined  folder  was  checked  (File  exist?).  That  file  name  was  previously 
generated by the heart of gold subvi based on the analysed sample port of the 
biofilter system. If the file doesn’t exist a new Excel workbook (New Excel) with 
6 statistic sheets (average, quartile 1, minimum, median, maximum, quartile 3) 
including the header was created and saved as a new file (Create & Name). In 
the  statistic  sheets,  for  each  sampling  event  the  basic  statistic  functions  for 
each parameter, are saved automatically in a single Excel row subsequently. 
If the file already exists, the file was opened. To determine how many sampling 
events were already saved in the file the existing sheets were counted (Count 
Sheets)  before  a  new  sheet  was  created  (New  Sheet)  for  each  individual 
sampling  event.  The  new  sheet  was  named  after  the  sampling  time 
(yymmdd_hhmmfs) and the values from the sampling procedure were inserted. 
Depending upon the number of previous sampling events a new line at the end 
of the statistic sheets was inserted (New Row), and the functions were Chapter 3 
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Fig. 3-10: Excel vi construction flow chart 
processed. The file was saved (Save), and depending on other settings (not 
described in here), Excel remained open or was closed automatically. 
As mentioned before the Labview programs also consist of the frontend. The 
frontend of the program developed for this study contained four tabs(settings, 
Port, Data, Results) as shown in Fig. 3-11 (activated data page).  Chapter 3 
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Fig. 3-11: Frontend MARVIN, visualization off 16 sensor readings 
On the data page, sensor information (from 16 sensors) was  visualized and 
presented  with  the  responding  units.  The  setting  tab  allowed  adjustments to 
timing  and  frequency  of  sampling  as  well  as  to  the  path  of  saving  the  file. 
Changes to the setup of ADAM modules can be made on the Port tab and the 
Results  tab  showed  additional  results  calculated  with  the  results  and  values 
presented on the Data tab.  
3.3.6  PRELIMINARY EXPERIMENT 
The biofilter system was constantly fed with 2.05 µM (50 ppmv) ammonia (NH3) 
in air gas stream with a volume load of 60 L L
-1 h
-1 for a period of 300 days. Inlet 
and  outlet  gas  concentrations  (NOx,  N2O  and  NH3)  were  measured  and 
monitored with the above mentioned setup. The dissociation of NH3 into water Chapter 3 
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where it became NH4
+ as well as the metabolites of the oxidation of NH4
+ to 
NO2
- and NO3
- were determined by using the following sampling procedure. 
3.3.6.1  SAMPLING PROCEDURE 
The 1 L  biofilter media was manually separated into 200 mL lots (layers) for 
analysis  of  the  surrounding  liquid.  Subsamples  of  10 g  clinoptilolite  of  each 
homogenized layer were washed for 1 min in 10 mL deionised water (manually 
stirring)  for  further  analysis.  Eluents  were  syringe  filtered  (0.45 µm),  frozen 
(below -20 °C) and stored until analysis. The liquid was analysed for NH4
+ and 
other cations (built up as a result of NH4
+ ion exchange onto clinoptilolite) and 
for biological NH4
+ metalloids (NO2
- and NO3
-). 
3.3.6.2  SAMPLE ANALYSES 
Ammonium  measurements  were  run  on  duplicate  samples  (each  sample 
injected and analysed three times) using an AGILENT 1200 series HPLC with a 
“Universal  Cation  HR,  3 μm,  7.0 x 53 mm”  column  coupled  to  a  conductivity 
detector (Alltech Model: 350). A mobile phase of 3 mM methanesulfonic acid 
was used at a flow rate of 2.5 mL min
-1. 
NO2
- and NO3
- in the surrounding liquid were spectrophotometrically analyzed in 
duplicates based on APHA Standard Methods [104]. 
3.4  Results and Discussion 
The setup was operated for a period of 300 days. During that time no additional 
water was added and no leachate was produced. That provides the essential 
conditions for continuous biological activity within the biofilter, and minimises Chapter 3 
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the  risk  of  “only”  stripping/  washing  the  compounds  out  of  the  polluted  gas. 
Initially two biofilters were commissioned, but after 6 months of operation, two 
more biofilter columns were operated simultaneously. These adjustments and 
setup changes could be performed without the help of a professional electrician 
since  all  electronic  devices  used  were  powered  with  12 VDC.  All  data  were 
automatically acquired in a regular and schedule procedure at least 10 times a 
day. A moisture sensitive multi gas detector (HORIBA VA/ VS 3000) [159] was 
connected to the outlet gas and operated without failure for the whole time. In 
addition, the automation and the PC controlled operation allowed the monitoring 
of the system from outside the lab via VPN (virtual private network) connection.  
Results  of  preliminary  experiments  presented  in  biofilter  depth  profiles  (Fig. 
3-12) determined at day 0 and 300 indicate a change of concentration (a) over 
time and (b) over the depth of the biofilter column. As expected the introduced 
NH3 (inlet) is converted to NH4
+. However, the measured concentration of NH4
+ 
and NO2
- are above the inhibition concentration (see chapter 2.1), allowing no 
biological ammonium oxidation. In contrast, it was not possible to detect any 
NO2
- nor NH4
+ in the top layer of the reactor column. From the results, it can be 
postulated that the biological oxidation of NH4
+ occurred in the top section, and 
the  metabolites  were  washed  down  the  bottom  of  the  reactor  with  the 
introduction of the pure water to the top of the reactor. Within the 300 days a 
steep concentration gradient over depth developed with high concentrations of 
nitrite at the bottom of the Biofilter column.  
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Fig. 3-12: Biofilter depth profile for NH4
+, NO2
- and NO3
- for day 0 and 300 showing the differences in distribution over the 
biofilter depth Chapter 3 
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It is beyond the aims of that chapter to discuss these finding in more detail, but 
more  detailed  information  about  the  biofilter  performance  are  presented  in 
chapter 4. 
The following mechanism and principles of the reflux can be claimed: 
1.  The gas introduced at the bottom of the biofilter causes evaporation of 
the biofilter containing moisture 
2.  Water transport from the bottom to the top resulting in sustainable water 
supply through the biofilter 
3.  Condensation  of  moisture  leaving  from  the  biofilter  allowed  (a)  the 
production  of  dry  outlet  gas  for  online  gas  monitoring  with  moisture 
sensitive gas detector [159] and (b) the reintroduction of condensate 
4.  The cycle of vaporising and condensing the water in the biofilter caused 
(a) a stable biofilter moisture inventory and (b) a gravitationally washing 
of compounds to the bottom of the biofilter 
5.  The  addition  of  the  reintroduced  condensate  caused  a  concentration 
gradient across the biofilter with (a) accumulation of the compounds at 
the bottom and (b) lower concentrations on top of the biofilter  
6.  Low concentrations in the upper layer preclude biological inhibition and 
favour biological reaction such as the nitrification of ammonium to nitrite 
7.  High  concentrations  of  ammonium,  nitrite  and  nitrate  allow  chemical 
reactions such as the reaction of NH4NO2  N2 and 2 H2O (favoured at 
high concentration [126, 163]) 
If necessary, saturated bottom parts of the biofilter can be replaced instead of 
the whole biofilter. The detailed information about the layer formation and the Chapter 3 
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chemical reaction of NH4NO2 to N2 and 2 H2O will be presented in chapter 4. 
[163]. 
3.4.1  RELEVANCE/ FUTURE APPLICATION 
Long-term and upscaled experiments are recommended for a more complete 
understanding of the biofilter performance. It is suggested to continue with the 
model compound ammonium to study (a) the biological oxidation (nitrification) to 
nitrate followed by (b) the spontaneous chemical reaction of NH4NO2 to N2. 
Pollutants that do not biological, chemical or biochemical degrade in the way 
described  above  the  reflux  process  could  be  used  to  accumulate  those 
pollutants in the bottom of a filter column. That would allow the replacement of 
high concentrated pollutant from the bottom of the filter and further use of the 
above filter material. Such a modular filter construction could help saving filter 
material and consequently saving costs. 
3.5  Conclusions 
  By developing a moisture recycle system (reflux) that replenishes water 
from the top the (exact) moisture for long term operation was maintained 
without leachate production. 
  A  concentration  gradient  is  achieved  across  the  filter  bed  for  the 
development of microenvironments. 
  The moisture reflux enabled accumulation of metabolites in the bottom of 
the biofilter and prevented inhibition in the upper layer. Chapter 3 
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Abstract 
Ammonia  in  air  is  of  major  health  and  environmental  concern  and  existing 
ammonia  removal  systems  are  costly  or  unreliable.  A  novel  biofilter  system 
employing  the  reflux  process  was  continuously  operated  for  a  period  of 
300 days.  Inoculated  zeolite  (clinoptilolite)  as  packing  material  provided 
microorganisms for ammonia removal from an air stream (2.05 µmol L
-1) at a 
volume load of 1 L L
-1.min
-1. Depth profile analysis showed the development of 
a steep gradient of ammonia and nitrite from the inlet to the outlet over time. 
Aside  from  the  well-known  ammonium  adsorption  on  clinoptilolite,  consistent 
microbial  nitrification  took  place.  After  160 days  of  operation,  high 
concentrations  of  ammonium  (140 mM),  nitrite  (1 M)  and  nitrate  (375 mM) 
accumulated at the bottom of the biofilter where they reacted to nitrogen gas. 
Nitrogen mass balance showed that ammonia was removed from the effluent 
gas and no nitrogen species (ammonium, nitrite and nitrate) accumulated in the 
column. The mass balance analyses also show that under the complete aerobic 
conditions, 100 % of the ammonia introduced into the biofilter was converted to 
nitrogen gas. This reaction is known to be catalysed at room temperature by 
clinoptilolite.  
Keywords: ammonia biodegradation, reflux process, clinoptilolite filter, long-term 
investigation, nitrite reduction Chapter 4 
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4.1  Introduction 
Biofiltration is a common and widely accepted method to treat ammonia from air 
streams [51, 164, 165]. In the process of biofiltration the ammonia is initially 
dissolved in the water phase followed by microbial degradation (nitrification) to 
nitrite  and  nitrate.  Under  aerobic  conditions  nitrite  and  nitrate  accumulate  to 
high  concentrations  inhibiting  the  nitrifiers  unless  flushing  removes  them  as 
leachate. Nitrifiers, like all life forms depend on the availability of free water 
moisture  making  water  essential  in  a  biofilter.  In  gas  biofiltration,  nitrifying 
organisms  are  commonly  attached  to  organic  or  inorganic  filter  material. 
Organic filter materials such as coconut husks [103], compost [46] or pruning 
waste [47] provide additional nutrient source but have the disadvantage that 
they biodegrade [47, 166]. In contrast, inorganic filter materials such as ceramic 
[40], polyurethane foam [167] and zeolite [168] have no source of additional 
nutrients  but  are  not  biodegradable.  Foglar  et  al.  [101]  demonstrated  the 
possibility to attach nitrifying organisms to zeolite. Zeolites are wildly available 
porous  aluminosilicate  minerals  with  the  capability  to  selective  ion  exchange 
[169-171] and surface adsorption [172-174]. Li et al. [69] and Yeom et al. [88] 
reported catalytical effects of zeolite on the reaction of NH4NO2 to N2 and 2 H2O 
at  room  temperature.  This  concept  was  demonstrated  by  our  research 
presented previously [126]. 
Sufficient  moisture  supply  without  leachate  production  is  a  key  issue  in 
biofiltration. Leachate can be of major concern when containing accumulated 
pollutants and their metabolites [103, 175, 176]. A previous study demonstrated 
effectively  that  the  water  moisture  control  can  be  achieved  by  applying  the Chapter 4 
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reflux process to biofiltration [120]. Moisture leaving the biofilter is condensed 
and  reintroduced  to  the  top  of  the  biofilter.  The  pure  water  condensate 
percolates through the filter bed and washes pollutants and metabolites to the 
bottom. By doing so, a gradual distribution of compound is established. The 
reflux  process  provides  a  dry  outlet  gas  which  allows  continuous  online 
monitoring for precise mass balances and data acquisition. 
The  aim  of  this  study  was  to  demonstrate  the  efficacy  of  a  novel  reflux 
biochemical filter system over an extended time using a bench scale biofilter. 
Depth profiles of  the filter bed  demonstrated  layer formation  suggesting  that 
biological  and  chemical  reactions  were  taking  place  in  the  different  layers 
(microenvironments) of the biofilter. 
4.2  Materials and methods 
4.2.1  EXPERIMENTAL SET-UP 
The  laboratory  scale  biofilter  contained  a  moisture  control  unit,  four  biofilter 
columns, two condensers and gas analyser units. A multiple gas detector for 
NH3,  N2O  and  NOx  (HORIBA  VA/  VS  3000,  detection  range:  0 – 100 ppm 
± 0.5 %) was used. Biofilter components e.g. water bath, solenoid valves and 
sensors  (digital  flow  meter,  thermocouples  and  analyser  outputs)  were 
monitored  and  controlled  by  a  computer  where  the  acquired  data  were 
automatically processed. The experimental set up was previously described in 
detail  [120].  In  this  paper  relevant  aspects  of  the  design,  which  are  directly 
related to the filter operation, are described in brief. 
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4.2.2  BIOFILTER 
An up-flow biofilter was constructed using a 10 cm internal diameter PVC pipe 
with a total height of 20 cm. Headspaces on top (4 cm) and at the bottom (4 cm) 
of the biofilter column served as mixing and homogenization areas. One litre of 
moist  zeolite  clinoptilolite  (Zeolite  Australia  Pty  Ltd)  formed  a  bed  depth  of 
13 cm  with  a  calculated  surface  area  of  10 m
2.  Prior  to  being  used,  the 
clinoptilolite  was  sieved  (2.4 – 4.0 mm),  washed  and  inoculated  with 
microorganisms for 6 months by placing in a biofilter at an operating composting 
facility  of  Southern  Metropolitan  Regional  Council  (SMRC),  Perth,  Western 
Australia. Since clinoptilolite is known to be an media microorganisms attach to 
[79,  101,  177]  it  was  assumed  that  during  the  inoculation  time  a  varaity  of 
microorganisms attached to the clinoptilolite. 
The  biofilter  was  operated  at  room  temperature  (21 ± 1 °C).  The  flow  of  the 
carrier  gas  (laboratory  compressed  air  supply)  was  adjusted  to  1 L  min
-1 
resulting in a True empty Bed Residence Time (TBRT) of 27 sec. From a gas 
cylinder,  1 %  ammonia  in  air  was  spiked  into  the  gas  stream  to  achieve  a 
2.05 µmol  L
-1  min
-1  (50 ppmv)  input  concentration.  Over  the  duration  of 
experiments,  pH  was  never  adjusted,  and  no  water  or  carbon  source  was 
added.  
4.2.3  MOISTURE CONTROL 
A  moisture  control  method  based  on  the  principle  of  evaporation  and 
condensation was employed [120]. The configuration of humidifier, biofilter and 
condenser  at  different  temperatures  resulted  in  the  reflux  mechanism.  By 
evaporating water from the bottom and reintroducing the condensation water on Chapter 4 
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top of the biofilter a stable water regime was established. The reflux mechanism 
ensured a constant water content in the biofilter but also led to the accumulation 
of  water-soluble  compounds  in  the  bottom  of  the  biofilter  by  washing  the 
compounds down and evaporating the water from the bottom. This enabled the 
formation  of  a  concentration  gradient  of  water-soluble  compounds  along  the 
depth of the biofilter. Furthermore, due to the reflux process, the development 
of  biological  and  chemical  microenvironments  (layers)  within  the  filter  bed 
resulted in sustainable NH3 removal.  
4.2.4  COMPUTER MONITORING AND CONTROL 
The  biofilter  is  part  of  a  computer  controlled  and  monitored  (Labview  8.5.1) 
laboratory scale test facility as described in detail in Vitzthum von Eckstaedt et 
al.  [120].  All  recorded  data  were  processed  and  stored  automatically  in 
Microsoft  Excel  2007  workbook.  OriginPro  8.5  (OriginLab  Corporation)  was 
utilized for graph generation.  
4.2.5  MANUAL CLINOPTILOLITE SAMPLING 
To verify variation in the biofilter activity as a result of stratification, and to obtain 
a more detailed understanding of its performance in addition to on-line analysis, 
the biofilter operation was periodically stopped and its clinoptilolite content was 
separated  into  five  layers  for  analyses.  The  biofilter  was  opened  and  the 
clinoptilolite removed in 200 mL lots. The individual samples were homogenized. 
Subsamples  were  taken  to  analyse  the  liquid  surrounding  the  clinoptilolite 
particles  to  determine  the  sodium,  ammonium,  potassium,  magnesium  and 
calcium, nitrite and nitrate content. The pH of the moisture in the clinoptilolite 
layers was also determined from these extractions.  Chapter 4 
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For  the  analysis  of  the  liquid  surrounding  the  clinoptilolite  particles  (water 
content:  0.2 mL  g
-1  clinoptilolite)  10 g  of  clinoptilolite  were  washed  in  10 mL 
deionised water by manually shaking for 1 min. Further subsamples were taken 
for the extraction of ammonium adsorbed onto the clinoptilolite. Ammonium was 
desorbed from the surface of clinoptilolite particles by shaking (48 h at 60 rpm) 
2 g clinoptilolite in 50 mL of a 4 M KCl solution [178]. Both resulting aliquots 
were filtered through a 0.45 µm syringe filter and the filtrate was frozen (- 20 °C) 
until required for analysis. 
4.2.6  BATCH EXPERIMENTS 
It was postulated, that the nitrogen disappearance observed in the biofilter [120] 
was  due  to  nitrogen  gas  production.  To  verify  this  batch  experiments  were 
carried out. Four serum bottles were filled with clinoptilolite from the bottom of 
the biofilter in order to determine the gas production rate and its composition. It 
was also of interest to show that the observed reaction was not biological and 
therefore 2 of the 4 serum bottles were autoclaved. For the headspace gas 
composition  analyses,  all  serum  bottles  were  flushed  with  oxygen  for  two 
minutes at a flow of 1L min
-1. The gas sampling procedure is described below. 
Briefly, samples were taken and immediately analysed once a week for 64 days. 
To avoid overpressure, volumetric gas measurements were conducted as well. 
4.2.7  CHEMICAL ANALYSES 
4.2.7.1  LIQUID ANALYSES 
An  AGILENT  1200  series  HPLC  with  an  “Universal  Cation  HR,  3 μm, 
7.0 x 53 mm” column connected to a conductivity detector (Alltech Model: 350) Chapter 4 
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was  employed  to  analyse  the  cation  samples  in  duplicates  (3  injections  per 
sample). Methanesulfonic acid (3 mM) was used as the mobile phase at a flow 
rate of 2.5 mL min
-1. 
Nitrite  and  nitrate  were  measured  in  duplicate  spectrophotometrically  at  the 
wavelength of 540 nm and 420 nm respectively. The KCl solution containing the 
ammonia  desorbed  from  the  clinoptilolite  was  analysed  in  duplicate 
spectrophotometrically  at  a  wavelength  of  425 nm.  The  analysed  cations 
represented  the  cations  from  the  clinoptilolite  which  were  replaced  by 
ammonium.  Ammonia,  nitrate,  and  nitrite  analysis  was  based  on  APHA 
Standard Methods [104]. 
4.2.7.2  GASEOUS ANALYSES 
Headspace gas sample was taken twice with a gas tight 350 µL syringe. The 
syringe was flushed with the first 350 µL of sample. With the flushed syringe 
350 µL sample was taken and 300 µL injected into the gas chromatograph (GC). 
Gas samples were analysed by a Shimadzu GC 2010 working with helium as 
carrier  gas  (50 mL  He min
-1),  at  40 °C,  using  a  thermo  conductivity  detector 
(TCD) at 150 °C. A concentric packed column was installed within the GC.  
4.2.8  DNA EXTRACTION AND PCR 
To determine the presence of ammonia monooxygenase (amoA-1F and amoA-
R2 primer) and nitrous oxide reductase (zosZ1F and reverse primer), DNA was 
extracted from 1 g clinoptilolite samples using a modified protocol of an Ultra 
Clean Soil DNA Isolation Kit [179]. The clinoptilolite samples were taken from all 
five layers at various times (day 0, 147, 238, 265 and 328). For each sample, Chapter 4 
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50 µl DNA was stored in the freezer (-20 °C). The reaction mixture contained in 
a final volume of 25 µL: 1 µL of DNA (about 50 ng mL
-1), 2.5 µL of 10xbuffer, 
2.5 µL of MgCl2 (25 mM), 0.5 µL of dNTP (10 µM), 2.5 µL of each forward and 
reverse primer (10 pmol mL
-1) and 0.1 µL of TagTi polymerase (5 U mL
-1). The 
PCR machine was programmed at (a) 94 °C for 5 min, (b) 35 cycles at 94 °C for 
1 min, (c) 1 min annealing at 55 °C, 58 °C and 59 °C for Eubacteria and amoA, 
nosZ and Pla, respectively; and (d) followed by a final temperature of 72 °C for 
90 sec. 
PCR products were checked by electrophoresis on 1 % agarose gels including 
2 µL SYBERsafe per 50 mL gel [180]. A mix of 5 µL ladder solution and 3 µL 
loading dye was added to the 10 µL sample (including positive and negative 
control) and 3 µL loading dye reagent. A voltage of 80 V was applied for 60 min 
before the gel product was analysed and photographed under UV light. 
DNA  extraction  and  PCR  analyses  were  performed  at  least  in  triplicate  to 
ensure the validation of the presented results. 
4.3  Results and Discussion 
4.3.1  AMMONIA REMOVAL BEHAVIOUR OF THE BIOFILTER 
Initial  trials  with  ammonia  adsorption  of  the  used  clinoptilolite  confirmed 
literature  findings  [126].  According  to  Karadag  et  al.  [108]  gradual  ammonia 
accumulation in the column would result in an increased ammonia build-up in 
the  exit  gas.  In  order  to  prolong  the  column  lifespan,  direct  conversion  of 
ammonia  to  nitrate  or  nitrite  by  bacteria  is  desired.  Therefore  clinoptilolite 
inoculated at an operating biofilter with a developed biofilm, was used in our Chapter 4 
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study.  This  biofilm  coated  clinoptilolite  biofilter  column  was  operated  at  an 
ammonia loading rate of 2.05 µmol NH3 L
-1 carrier gas (air) L
-1 filter volume min
-
1 (50 ppmv). The development and performance of this clinoptilolite biofilter was 
recorded over 300 days (Fig. 4-1 to Fig. 4-3).  
The  continuous  and  constant  input  of  ammonia  resulted  in  a  steady 
accumulation of total nitrogen (Fig. 4-1). A NH3, N2O or NO breakthrough was 
not detected at any time leading to the conclusion that all introduced ammonia- 
 
Fig.  4-1:  Accumulative  N  species  in  inlet  and  outlet  gas  stream  (data 
points  reduced  to  the  dates  where  both,  gas  and  liquid  samples,  were 
available and analysed (complete data set on appendix DVD). Furthermore, 
the results were separated into phases A-D)  
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Fig. 4-2: (i) NH4
+ adsorbed onto clinoptilolite in 5 layers over time presented in a conventional line plot (ii) NH4
+ adsorbed onto 
clinoptilolite interpolated over depth and time presented as a contour plot; results separated into phases A-D Chapter 4 
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nitrogen  remained  within  the  biofilter  column  or  leaved  as  a  non-analysed 
nitrogen species such as nitrogen gas (N2). 
As expected, ammonia built up in the column over time, mainly at the gas inlet 
(bottom of the column, Fig. 4-2). This caused the build-up of a vertical ammonia 
gradient throughout the column as demonstrated in Fig. 4-2 (i) and (ii). Fig. 4-2 
(i) shows a conventional line graph of the results measured in the individual 
layers over time. The fact that the top layer contained less than 10 % of the total 
ammonia suggests that the column was not yet saturated. A contour plot as 
shown in Fig. 4-2 (ii) visualized the development of spatial distribution of e.g. 
ammonia more clearly where the grey scale represents the concentration in the 
biofilter column. In addition to ammonia build-up in the liquid surrounding the 
clinoptilolite (Fig. 4-3 (ii)) there is evidence of microbial conversion of ammonia 
to oxidized metabolites nitrate and nitrite in each layer of the column (Fig. 4-3 
(iii) and (iv)). The pH over the depth and over time is presented in Fig. 4-4. To 
characterize the biofilter column performance the time course was divided into 
four phases (A-D). 
4.3.2  PHYSICAL ADSORPTION - PHASE A (FIRST 7 DAYS) 
Within  the  first  7  days  prior  to  the  full  development  of  microbial  activity  the 
introduced ammonia gas dissolved in the water causing the pH to increase from 
7.3  to  8.5  in  the  bottom  layer  (Fig.  4-4).  Clinoptilolite  as  the  filter  media 
adsorbed  the  dissolved  ammonium  while  microbial  communities  were  being 
established (Fig. 4-2 and Fig. 4-3). At this stage, no further N species were 
detected in the water or outlet gas.  
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Fig. 4-3: Presence of (i) calcium (Ca), (ii) ammonium (NH4
+), (iii) nitrite (NO2
-) and (iv) nitrate (NO3
-) in water surrounding the 
clinoptilolite interpolated over depth and time presented as an contour plot, results separated into phases A-D. Results are 
expressed per g of clinoptilolite (0.2 mL of moisture is associated with 1 g of clinoptilolite) Chapter 4 
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Fig. 4-4: pH distribution over the depth of the biofilter column interpolated 
over time 
4.3.3  NITRIFICATION - PHASE B (DAY 7 TO 67) 
During phase B, the pH gradually decreased from 8.5 to 6.5 (Fig. 4-4). Over the 
period  of  60  days  the  continued  ammonium  adsorption  in  the  bottom  layer 
triggered the release of cations as shown for the example of calcium in Fig. 4-3 
(i).  As  the  clinoptilolite  in  the  bottom  layer  approached  saturation,  the 
ammonium adsorption rate slowed down, causing an ammonium accumulation 
increase in the layer above (Fig. 4-2 and Fig. 4-3). The build-up of nitrate and 
nitrite (12.5 µmol g
-1 and 31 µmol g
-1 respectively 
4.3.4  NITROGEN ACCUMULATION - PHASE C (DAY 67 TO 160)  
Nitratification  continued  until  a  maximum  level  of  nitrate  of  87.5 µmol  g
-1 
clinoptilolite (bottom layer) was reached on day 160. The pH in the bottom layer Chapter 4 
111 
 
remained stable at between 6.5 and 6.2 (Fig. 4-4) during the 100 days of phase 
C.  The  nitrite  built  up  to  higher  levels  (92.5 µmol  g
-1)  than  nitrate  which  is 
usually observed in the presence of high ammonia concentrations (Fig. 4-3).  
The ammonium adsorbed onto the clinoptilolite reached a plateau at 500 µmol 
g
-1 clinoptilolite in the bottom layer (Fig. 4-2). The corresponding maximum of 
ammonia  in  the  surrounding  liquid  phase  was  approximately  33 µmol  g
-1. 
Because  of  the  low  liquid  volume  available  in  the  filter  (0.2 mL  per  g  of 
clinoptilolite) the resulting ammonia concentration was 140 mM. 
4.3.5  NITROGEN LOSS - PHASE D (DAY 160 – 300) 
After the ammonium had reached saturation level in the bottom layer it was 
expected that the continued ammonia input would either result in build-up of 
ammonium in the layer above or in continued nitrate or nitrite build-up. However, 
neither nitrate nor nitrite  or ammonia  significantly  accumulated  in  any  of  the 
layers above the bottom layer even though a continuous stream of ammonia 
entered the system. Regular measurements of the biofilter column outlet (every 
3 h)  confirmed  that  no  significant  NH3,  N2O  and  NOx  left  the  system.  The 
detected approximate 5 % NOx in the output shown in Fig. 4-1 can be explained 
by a possible cumulating error occurring over the period of 300 days.The fact 
that both nitrate and nitrite concentrations decreased within the biofilter (87.5 
µmol g
-1 to 2 µmol g
-1 and 229 µmol g
-1 to 70 µmol g
-1, respectively) suggests 
that a nitrate/ nitrite consuming reaction occurred (Fig. 4-3). The ammonium 
adsorbed onto the  clinoptilolite in the bottom layer remained stable  at about 
500 µmol g
-1 at a pH of 6.5 (Fig. 4-4).  Chapter 4 
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The  nitrogen  in  the  form  of  ammonia  introduced  into  the  biofilter  and  the 
nitrogen accumulated as ammonium (in liquid phase as well as adsorbed onto 
clinoptilolite), as well as nitrite, nitrate and nitrogen leaving from the biofilter did 
not match. Mass balances provided clear evidence of nitrogen disappearance in 
a  form  not  detected  from  day  160  onwards  (Table  4-1).  As  on  day  300,  a 
greater 100 % efficiency shows a reduction of the sum of all nitrogen species 
(ammonium, nitrite and nitrate) accumulated in the reactor. A greater 100 % 
efficiency implies more nitrogen is leaving than entering the reactor. This will be 
discussed further and in more detail in section 4.3.9 below. 
Note:  The  correlation  of  N species  computed for the first  110 days  showed 
significant  correlation  with  a  coefficient  of  determination  (r
2)  of  0.86  to  0.99. 
However attempts  to correlate the  results  later sampling  events (day  110  to 
300) or over for the complete time (day 0 to 300) did not reveal correlation (r
2 
between 0.07 to 0.61). Fig. 4-8 and Table 4-1 contain reduced and summarised 
findings. All data can be found on the appendix DVD’s attached to the thesis. 
Table  4-1:  Nitrogen  species  appearance  in  the  complete  filter  column 
presented for days 0, 7, 67, 160, 220 and 300 
 
4.3.6  LAYER ABOVE THE BOTTOM LAYER 
Similar  phases  as  described  for  the  bottom  layer  also  occurred  in  the  layer 
above, although less pronounced. Ammonium build-up in the layer above the 
bottom layer (layer 4) reached the saturation at the same time as the bottom Chapter 4 
113 
 
layer. All layers above the bottom layers reached lower levels as expected with 
a lower NH3 concentration in the gas stream reaching these layers.  
4.3.7  MICROBIOLOGY 
In order to establish whether bacteria with the key enzymes ammonia mono-
oxidase (amoA) and nitrate reductase (nosZ) were present, a standard DNA 
analysis (see 4.2.8) was carried out. Samples taken on days 0, 147, 238, 265 
and 328 showed the presence of both enzymes after 147 days in the bottom 
layer of the lab biofilter column. The in Table 4-2 presented results indicate that 
amoA and nosZ for the SMRC zeolite (day 0) samples could not be found. This 
leads to the conclusion that (a) the incubation at the existing biofilter (SMRC) 
had no effect or (b) the amount of amoA and nosZ containing microorganisms 
have been too small to be detected. Furthermore, it can be speculated that if 
the appearance of those key enzymes from day 147 onwards are (a) due to the 
development  of  the  small  amount  possibly  attached  microorganisms  to  the 
zeolite or (b) an incubation from another source occurred. It was beyond the 
scope of the thesis to find answers to this phenomenon. 
Band  intensity  of  nosZ  was  weaker  than  of  amoA  suggesting  denitrifying 
microbes were less prevalent than ammonia oxidizers. These results explain 
the observed conversion of ammonia to nitrite as a biologically catalysed step. Chapter 4 
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Table 4-2: ammonia mono-oxidase  (amoA) and nitrate  reductase  (nosZ) 
results of samples taken on 4 points in time. 
   Chapter 4 
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4.3.8  BIOLOGICAL ACTIVITY AND BIOFILTER PERFORMANCE 
High concentrations of ammonium in the biofilter column were achieved due to 
the low water content of 0.2 mL g
-1 clinoptilolite. Ammonium concentrations of 
up to 140 mM (day 160) were measured in the bottom layer of the biofilter. At 
the observed pH of 6.4 and a temperature of 21.6 °C the highest free ammonia 
(FA)  concentration  of  0.15 mM  (2.1 mg  NH3  N  L
-1)  was  calculated  for  this 
particular time. Inhibition of ammonium oxidizing bacteria (AOB, Nitrosomonas) 
triggered by free ammonia (not been detected below 16 mg NH3 N L
-1 [119]) 
has  not  been  reached  in  the  system.  The  same  authors  showed  that  nitrite 
oxidizing bacteria (Nitrobacter) inhibition at a FA concentration of 6 – 9 mg NH3 
N L
-1 [119] occurs which may have occurred in the biofilter.  
Toxic  effects  on  microorganism  cells  may  be  exerted  by  the  nitrite  un-
dissociated fraction nitrous  acid  (HNO2) or so  called free  nitrous  acid  (FNA) 
[149].  FNA  is  known  to  be  toxic  to  nitrifyers  by  interfering  with  the  proton 
gradient  [150].  In  contrast  to  natural  nitrifying  environments  (e.g.  soil, 
wastewater) where nitrite rarely builds up our experiments showed significant 
nitrite build up of up to 980 mM (13.7 g N L
-1) at day 217. Nitrosomonas bacteria 
are reported to be inhibited at FNA concentrations of 0.4 -0.63 mg HNO2 N L
-1 
whereas Nitrobacter are more sensitive to FNA and are inhibited at 0.02 mg 
HNO2 N L
-1
 [119]. The FNA inhibited areas for Nitrosomonas and Nitrobacter 
(Fig. 4-5) develop over time and biofilter depth. Chapter 4 
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Fig. 4-5: Nitrosomonas and Nitrobacter inhibition by FNA plotted over the 
biofilter column depth and over time 
For example, at the bottom layer nitrite concentrations of up to 980 mM (13.7 g 
NO2
- N L
-1) were measured on day 203. At a pKa of 3.4 this would result in a 
FNA concentration of 1.4 mM (19.2 mg HNO2 N L
-1) at a pH of 6.3 at 21 °C. 
Complete inhibition of both nitrifyers is expected at this concentration about 30 
times above the Nitrosomonas inhibition threshold and 3 magnitudes above the 
Nitrobacter inhibition threshold. However, nitrite concentration measured at the 
same time in the top layer of the biofilter column at 4.52 mM (63.3 mg NO2
- N L
-
1) and calculated FNA concentrations of 3.75 µM (0.05 mg HNO2 N L
-1) at pH 
6.5  indicate  that  Nitrosomonas  bacteria  (ammonium  oxidizing)  were  not 
inhibited.  From  the  results  presented  in  Fig.  4-5  it  can  be  concluded  that 
Nitrobacter were inhibited early (day 20) in the bottom layer and in the whole 
biofilter from day 100. At this time the highest nitrate concentration (350 mM) 
was  also  measured.  A  complete  Nitrosomonas  inhibition  caused  by  FNA Chapter 4 
117 
 
concentration could not be detected. However, inhibition occurred from day 60 
onwards in the bottom layer. Lower concentrations measured in the top layers 
indicate  the  possibility  of  continuous  ammonium  oxidation.  Despite  FNA 
concentration above the inhibition threshold, nitrite concentration in the bottom 
layer continued to increase. 
The  design  of  the  described  column  enables  an  upward  movement  of  pure 
water vapour with the gas stream and a continuous downwards percolation of 
the condensed water from the top of the column  [120]. This counter current 
reflux not only allows the build-up of very high concentrations of metabolites but 
also  removes  potentially  toxic  species  such  as  FNA  from  areas  where 
nitrification is occurring. Also by ammonia being able to move upwards in the 
column while nitrite and nitrate only move downwards (leaching by condensate) 
the existence of a layer with low nitrite concentrations and adequate ammonia 
concentrations is feasible. 
4.3.9  NITROGEN LOSS 
Mass balance calculations of the N species remaining in the filter system (NH4
+, 
NO2
-, NO3
-) and those leaving from the biofilter column in the form of gas (NH3, 
N2O and NOx) indicate a mass loss of N over time with an increasing trend (Fig. 
4-6). This apparent N loss was occurring to an extent that all incoming ammonia 
was retained in the column while there was no significant build-up of any N 
species (phase D). Even more pronounced, over a period of about 20 weeks 
the total soluble N-species decreased in spite of continuous ammonia addition. Chapter 4 
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Fig. 4-6: N balance for the complete biofilter column (data points reduced 
to  the  times  where  both,  gas  and  liquid  samples,  where  available  and 
analysed. Furthermore, the results were separated into phases A-D) 
The most likely species of nitrogen explaining the N loss would be N2. However, 
biological denitrification as an N2 producing reaction can be excluded, since the 
biofilter was flushed with air at all times, not allowing the oxygen free conditions 
needed  for  effective  denitrification.  Further  there  was  no  organic  material 
present that could serve as the essential electron donor for denitrification.  
To test the hypothesis of NH4NO2 reacting chemically to N2 and 2 H2O, four 
sterile  120 mL  serum  bottles  were  filled  with  10 g  of  homogenized  biofilter 
media from layer 5. After closing the bottles with rubber bungs the headspace Chapter 4 
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was flushed with industry grade oxygen for two minutes with a flow rate of 1 L 
min
-1 in order to produce an N2 gas free environment. A positive over pressure 
in the bottles was created in order to minimize N2 diffusion from the atmosphere 
into the closed bottles. To prevent biological activity within these bottles two of 
the  four  bottles  were  autoclaved.  The  change  of  gas  composition  was 
monitored for 64 days and analyses were performed weekly. Results observed 
from  the  autoclaved  and  non-autoclaved  bottles  showed  significant  N2  gas 
production over time. 
The GC and volumetric measurements over the period of 64 days showed the 
average  total N2  gas  production  of  1.15 mmol (28.13 mL) for the  autoclaved 
clinoptilolite and 0.99 mmol (24.26 mL) for the bioactive Fig. 4-7. Clinoptilolite 
samples  taken  and  analysed  before  and  after  the  experiment  revealed  a 
decrease of all nitrogen species surrounding and adsorbed onto the clinoptilolite 
(Fig. 4-8 and Table 4-3). A total nitrogen mass balance (NH4
+, NO2
- and NO3
- in 
water plus NH4
+ adsorbed onto clinoptilolite) showed an expected calculated N2 
N gas production of 1.18 mmol (29.03 mL) and 0.91 mmol (22.27 mL) for the 
autoclaved  and  biological  active  samples.  Measured  and  expected  N2  gas 
production  of  the  autoclaved  and  bioactive  experiments  match  to  97 %  and 
109 % respectively. The difference was possibly caused by analytical errors due 
to solid and liquid analyses. Under the assumption the biofilter is homogeneous 
(which it was not) by extrapolating the observed findings about 900 g (720 mL) 
of  the  total  1250 g  (1000 mL)  clinoptilolite  present  in  the  filter  system  are 
sufficient  to  allow  the  conversion  of  2.05 µmol  L
-1  min
-1  (2952 µmol  d
-1)  of 
ammonia N.  
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Fig. 4-7: N2 gas production in duplicate with (i) autoclaved and (ii) bioactive clinoptilolite over a period of 64 days Chapter 4 
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Fig.  4-8:  Nitrogen  mass  balance  of  initial,  autoclaved  and  bioactive 
clinoptilolite.  (NH4
+)  represents  the  amount  of  NH4
+  adsorbed  onto 
clinoptilolite. mes N2 N is the amount of N2 gas measured whereas exp N2 
is the amount expected based on the N loss from the nitrogen species in 
liquid and adsorbed onto clinoptilolite 
Table 4-3: autoclaved vs. bioactive clinoptilolite. (z)NH4
+ N represents the 
NH4
+ adopted onto clinoptilolite. mes N2 N stands for the N2 N measured 
and the exp N2 N presence the nitrogen expected to occur based on the 
NO2
- N, NO3
- N, NH4
+ N and (z)NH4
+ N changes between t=0 and t=64 days. 
Correlation [%] indicates how exact the expected and measured results 
match 
 
   Chapter 4 
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The results presented above indicate the well-established chemical reaction of 
nitrite and ammonia (see Equation 2-1) took place in the bottom layer of the 
biofilter. Considering the reaction kinetics of ammonia with nitrite to N2 [65, 67] 
and the high concentrations encountered in the column, our observed N loss 
was due to the spontaneous chemical reaction of ammonia with nitrite [65] 
   
        
               Equation 4-1 
Abel et al. [67] describes the kinetics of the reaction as a third order reaction 
involving NH4
+, HNO2 and NO2
- (Equation 4-2): 
         ⁄    [   
 ][   
 ][    ]  Equation 4-2 
The appropriate k constant has been the subject of discussion in a number of 
publications [68, 70], but in this study we use the k constant of 3.67*10
-3 [unit 
less] at 25 °C [67]. Interestingly this reaction is not only dependent on nitrite and 
ammonium but also on the concentration of free nitrous acid. This means the 
reaction  will  proceed  faster  at  lower  pH  values  with  a  maximum  velocity  at 
around the pKa value (3.4) of the NO2
- / HNO2 equilibrium. In order to estimate 
whether  the  observed  N  production  over  64 days  correlates  with  the  model 
described by Abel et al [67], the rate of N produced in the batch experiment was 
compared to the model predictions at three different pH (constant) values. At a 
temperature of 22 °C the Abel model predicted at initial ammonium (93.2 mM) 
and nitrite (360.3 mM) concentrations as in the batch experiment, rates that are 
400, 130 or 42 times less than observed in the batch experiments for the pH 
values of 6, 5.5 and 5 respectively. As shown in batch experiments conducted 
with and without clinoptilolite [126] that clinoptilolite acts as a catalyst for the Chapter 4 
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reaction. The much higher rates observed in the biofilter could also be due to 
lower pH than measured using extracted water. 
4.4  Conclusions 
  The  results  demonstrate  a  long-term  stable  operation  of  a  novel 
clinoptilolite biofilter for ammonia removal from air streams 
  The  novelty  of  the  biofilter  is  due  to  its  operation  using  reflux  of 
condensed moisture producing pure water washing soluble substances 
to the bottom of the biofilter. Moisture control is key to the operation of 
the biofilter system 
  The wash down of ammonia and nitrite from top layers of the biofilter 
enables biological nitrification to proceed uninhibited 
  Concentrated  ammonia  and  nitrite  at  the  bottom  of  the  biofilter  layer 
result  in  chemical  reaction  to  produce  nitrogen  gas  catalysed  by  the 
biofilter matrix clinoptilolite 
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CHAPTER 5 
 
5   
Conclusions and recommendations for further work 
 
 
5.1  The  development  and  testing  of  a  biofilter  system  for 
sustainable  ammonia  removal  from  air  and  conversion  to 
nitrogen 
A biofilter system has been developed and operated successfully for a period of 
300 days.  Ammonia  at  a  concentration  of  50 ppmv  (2.05µmol  L
-1  min
-1)  was 
continuously introduced into a one litre  clinoptilolite biofilter. Breakthrough of 
ammonia or metabolites was not detected in the outlet gas. Biological activity 
was demonstrated through microbial tests and the observed production of nitrite 
and nitrate. Regular analyses of inlet gas concentration and accumulation of 
nitrogen  species  in  the  biofilter  (ammonium  adsorbed  onto  clinoptilolite, 
ammonium,  nitrite  and  nitrate  present  in  liquid  surrounding  the  clinoptilolite) Chapter 5 
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provided clear evidence of nitrogen losses. GC analysis in batch experiments 
revealed nitrogen as the end product. 
5.2  The use of clinoptilolite as an non biodegradable filter material 
as biofilm carrier and catalyst 
Zeolite clinoptilolite was used as an inert filter material, providing surfaces for 
microorganisms to grow. The clinoptilolite also provided an adsorption capacity 
or  buffer  for  ammonium  adsorption.  Microbiology  tests  demonstrated  the 
presence  of  nitrifying  bacteria  attached  onto  the  surface.  Results  of  batch 
experiments  showed  the  catalytic  effect  of  clinoptilolite  on  the  reaction  of 
ammonium nitrite at room temperature to nitrogen gas. 
5.3  The  natural  development  of  biological  and  chemical 
microenvironments  (layer)  without  pH  or  water  adjustment  to 
allow the operation of the system without further additions 
Regular depth profiles of clinoptilolite in the biofilter showed the development of 
distinct chemical and biological layers. Observed concentration profiles clearly 
demonstrated that biological and chemical reactions occurred in separate areas 
with biological conversion of ammonium to nitrite above the bottom layer and 
chemical reaction of ammonium nitrite to nitrogen gas in the bottom layer. No 
additional carbon was needed as nitrification is a chemotrophic process. Chapter 5 
126 
 
5.4  The application of the reflux method to biofiltration in order to 
maintain moisture content within the biofilter and achieve layer 
formation  and  gradual  distribution  of  ammonium,  nitrite  and 
nitrate  to  achieve  areas  with  biological  and  chemical 
microenvironments 
For  the  extended  time  of  operation  (300 days)  no  water  was  added  while 
biological  activity  continued.  Depth  profiles  showed  steep  concentration 
gradients over the biofilter depth. The concentration distribution was achieved 
gradually with low ammonium, nitrite and nitrate concentrations measured on 
top  and  (very)  high  concentrations  on  the  bottom  of  the  biofilter  column. 
Condensing vapour at the outlet and returning the pure water condensate into 
the top of the column achieved the concentration profile.  
5.5  Spatial separation due to layer formation allows simultaneous 
biological  degradation  of  ammonium  to  nitrite  and  nitrate  as 
well as the chemical reaction of ammonium nitrite catalysed by 
clinoptilolite at room temperature 
Biological  ammonia  conversion  to  nitrite  and  nitrate  was  observed  for  the 
300 days of experiment. However, due to the high concentrations accumulated 
in the bottom of the biofilter column over time, it is deduced that the biological 
active area shifted to higher biofilter clinoptilolite areas. The accumulated high 
concentrations  in  the  bottom  and  the  presence  of  clinoptilolite  as  a  catalyst 
allowed the chemical reaction of ammonium nitrite to nitrogen. Chapter 5 
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5.6  Achieve  a  dry  gas  outlet  of  the  biofilter  to  allow  continuous 
online monitoring with moisture sensitive equipment 
An  online  gas  detector  was  operated  for  300 days,  analysing  the  gas 
composition of the leaving gas without additional gas drying.  
5.7  Development of a biofilter system without leachate production 
and zero additional water supply to reduce water usage 
Careful  control  of  the  reflux  process  achieved  balance  between  vapour 
produced in the biofilter and condensate returned to the column. No leachate 
was produced and no water needed to be added. 
5.8  Future recommendations 
In this final chapter, future recommendations and ideas based on the findings 
presented  above  are  presented.  It  is  recommended  to  test  the  experimental 
setup to treat different compounds such as hydrogen sulphide (H2S) or organic 
compounds  such  as  limonene  or  butanone.  After  studying  the  treatment  of 
further  single  compound  we  suggest  the  treatment  of  a  “real”  odourous  gas 
produced at a waste treatment facility. It would be also interesting to know if 
other  zeolite  different  to  clinoptilolite  (heulandite  or  synthetic  zeolites)  also 
catalyse the reaction and perform as biofilm carrier. Changes in volume load 
(gas introduced per volume biofilter) and changes in filter design (size and form) 
need to be tested as well. Instead of condensing the water from the exit gas, 
the use of a spray system providing pure deionized water on top of the filter 
need  to  be  tested.  That  will  also  help  to  calculate  or  minimise  the  energy 
consumption. Chapter 5 
128 
 
5.8.1  QUESTIONS TO BE ANSWERED IN FURTHER WORK 
  Is  zeolite/  clinoptilolite  necessary  at  all?  Is  it  possible  to  use  different 
inorganic filter media? 
  Is incubation/ inoculation of filter media essential? 
  What are the to be expected energy costs to run a condenser in a scaled 
up operation? 
  Are there other fields where such a computer controlled system can be 
applied? 
  Are there further areas where the reflux technology can be applied? 
5.8.2  THINGS TO CONSIDER DURING SCALE UP 
  Larger Zeolite particles to ensure a low back pressure. (thought from the 
author: an increase of 50 times larger seems reasonable) 
  Resulting in a more stable mash/ floor with reinforcement beams to hold 
the weight (thought from the author: installing a number of beams to (a) 
insure stability and (b) to ensure constant and uninterrupted flow) 
  Consider  to  use  an  alternative  to  an  energy  intensive  cooling  device, 
cooling due to intelligent gas management or filter construction 
  It is possibly best to construct in a square instead of round shape 
  Consider a concrete basin coated with chemical resistant material 
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APPENDIX – FIGURES 
7   
 
Additional information to the upcoming Appendix Fig. 7-1 
10 mL  of  2.5 M  NH4Cl  and  1 M  NaNO2
-  were  added  to  four  serum  bottles 
containing 50 g clean clinoptilolite and closed with a rubber bung. The serum 
bottles were stored at room temperature and N2 gas production of two serum 
bottles were measured via GC analyses (a and b) and two were volumetric (c 
and d) determined (Appendix Fig. 7-1). That process is described in more detail 
in chapter 2.2.3.1 and 2.2.3.2. No significant differences in N2 gas production 
was observed by using the two different analysis techniques. Based on these 
results it was concluded that the volumetric gas production measurements were 
suitable for reliable gas production measurements. Appendix – Figures 
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Appendix Fig. 7-1: comparisons of GC (a and b) and volumetric (c and d) 
N2 gas production Appendix – Figures 
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Appendix  Fig.  7-2:  10 mL  40 mM  NH4Cl  +  300 mM  NaNO2
-  @pH  7.85  (a) 
expected N2 gas production calculated with Abel equation (Equation 2-1), 
(b) measured N2 gas production with 50 g Zeolite, (c) measured N2 gas 
production  with  5 g  Zeolite  +  45 g  Glass  beads,  (d)  measured  N2  gas 
production with 0.5 g Zeolite + 49.5 g Glass beads and (e) measured N2 
gas production with 52.5 g Glass beads Appendix – Figures 
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Appendix  Fig.  7-3:  10 mL  20 mM  NH4Cl  +  150 mM  NaNO2
-  @pH  8  (f) 
expected N2 gas production calculated with Abel equation (Equation 2-1), 
(g) measured N2 gas production with 50 g Zeolite and (h) measured N2 gas 
production with 52.5 g Glass beads 
 Appendix – Figures 
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Appendix Fig. 7-4: 10 mL 150 mM NH4Cl + 1000 mM NaNO2
- (i) expected N2 
gas production calculated with Abel equation (Equation 2-1), (j) measured 
N2 gas production with 50 g Zeolite and (k) measured N2 gas production 
with 52.5 g Glass Beads 
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APPENDIX - DVD CONTENT 
8   
 
The content of the attached DVD’s is presented in the following three tables 
(Appendix  Table  8-1  to  Appendix  Table  8-4).  The  content  of  the  DVD’s  is 
divided into subfolders regarding the year of creation.  ithin the “year” folders 
the files are further separated into topics such as “experiments”, “orders” and 
“labview”  making  the  search  for  a  particular  file  logical.  Files  in  the  “topic” 
folders are further subdivided into folders. These folders have either individual 
names such as “BioLab” referring to the company an order was placed, “cations” 
indicate the type of analysis or a 6 digit number giving the information on when 
the experiments were conducted. 
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Appendix Table 8-2: DVD one 
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Appendix Table 8-3: DVD two 
 Appendix – DVD content 
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Appendix Table 8-4: DVD three 
 
 
 